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PREFACE 


This report describes an investigation of fracture and flaw growth in cryogenic tank 
materials performed by The Boeing Company from July 1968 to March 1970 under 
Contract NAS 3-12016. The work was administered by Mr. Gordon T. Smith of 
the NASA Lewis Research Center. 

Boeing personnel who participated in the investigation include J. N. Masters, 
project leader; L. R. Hall, principal Investigator; R. C. Shah and R. W. Finger, 
research engineers. Program support was provided by A. A. Ottlyk, non -hazardous 
testing; H. M. Olden, C. C. Mahnken and G. E. Vermilion, liquid hydrogen 
testing; L. Albertin, titanium welding; C. W. Bosworth, aluminum welding; 

A. L. Esquirel, residual stress measurements; C. R. Pond, holography; E. C. Roberts, 
R. E. Regan and R. E. Smith, metallurgical support; and D. G. Good, technical 
illustrations and art work. 



INVESTIGATION OF FLAW GEOMETRY AND LOADING EFFECTS 
ON PLANE STRAIN FRACTURE IN METALLIC STRUCTURES 


by 

L. R. Hall and R. W. Finger 
ABSTRACT 


This experimenfal program evaluated effects on fracture and flaw growth of 
weld-induced residual stresses, combined bending and tension stresses, and 
stress fields adjacent to circular holes in 2219-T87 aluminum and 5Al -2. 5Sn(ELI) 
titanium alloys. Static fracture tests were conducted in liquid nitrogen; fatigue 
tests were performed in room air, liquid nitrogen and liquid hydrogen. Evaluation 
of results was based on linear elastic fracture mechanics concepts and was directed 
to improving existing methods of estimating minimum fracture strength and fatigue 
lives for pressurized structure in spacecraft and booster systems. 

Effects of specimen design in plane -strain fracture toughness testing were investi- 
gated. Four different specimen types were tested in room air, liquid nitrogen 
and liquid hydrogen environments using 2219-T87 aluminum and 5AI-2. 5Sn(ELI) 
titanium alloys. Interferometry and holograph were used to measure crack-opening 
displacements in surface -flawed plexiglass test specimens. Comparisons were made 
between stress intensities calculated using displacement measurements, and approximate 
analytical solutions. 
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SUMMARY 


This experimenl-al program was undertaken to refine existing methods of 
estimating minimum performance capabilities of cryogenic pressure vessels and 
other medium to high strength metallic structure. Performance estimates reflect 
the knowledge that crack-like defects in fabricated structure can grow during 
service use to a size sufficiently large to initiate failure, and are based on 
fracture strength and subcritical flaw growth data from tests of precracked test 
specimens. 

The two alloys selected for testing (2219-T87 aluminum and 5AI-2 .5Sn(ELI) 
titanium) are primary candidates for cryogenic pressure vessel applications and 
have been previously used to develop fracture and flaw growth data at cryogenic 
temperatures. Previous data were developed by testing precracked specimens 
under uniform tension stress fields acting perpendicular to the plane of the crack. 
However, potential fracture arigins are often subjected to stress fields influenced 
by weld residual stresses, weld land buildups, and circular holes. Hence, the 
major part of this investigation was devoted to tests of surface -flawed specimens 
containing residual stresses or simulated weld land buildups, and specimens 
containing partially embedded cracks originating at circular holes. Both static 
fracture and fatigue tests were performed under zero-to-tension loading profiles; 
fracture tests were performed in liquid nitrogen; fatigue tests were conducted in 
room air, liquid nitrogen and liquid hydrogen environments. Methods of 
estimating fracture strength were developed using linear elastic fracture mechanics 
concepts. Data obtained from fatigue tests were insufficient to fully characterize 
the effect of weld residual stresses, weld loads, and circular holes on subcritical 
crack growth. However, approximate methods for estimating fatigue strength are 
suggested . 

Effects of specimen configuration in plane strain fracture toughness testing were 
evaluated by testing single-edge-notched-bend (SENB), single-edge-notched- 
tension (SENT), compact tension (CT), and surface-flawed (SF) specimens. 

Fracture toughness values were compared at ambient, -320*^F and -423°F 
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temperatures for both 2219-T87 aluminum and 5Al-2.5Sn(ELI) titanium alloys. 

For the aluminum alloy, good agreement was obtained between fracture toughness 
values obtained from tests of SENB, SENT and SF specimens at all three test 
temperatures; CT specimens yielded consistently lower fracture toughness values 
than did the other three types of specimens. For the titanium alloy, fracture 
toughness values from tests of SF specimens fell in the central region of the 
scatter band of results for the other specimens at -423°F, and above the scatter 
band at -320°F. Room temperature tests were invalidated by inadequate specimen 
size . 

The influence of surface-flawed specimen thickness on fracture toughness were 

evaluated at room temperature, -320°F and -423°F for the 2219-T87 aluminum 

alloy, and at -320°F and -423°F for the 5AI-2.5Sn(ELI) titanium alloy. When 

fracture toughness calculations were based on the assumption that negligible 

flaw growth preceded the onset of unstable flaw propagation, consistent fracture 

toughness values were obtained from specimens with thicknesses greater than 

2 

(K,p/a ) where K,_ is the fracture toughness and O is the uniaxial yield 
IE' ys IE ° ys ' 

strength of the material. 

At attempt was made to develop experimental stress intensity analysis techniques 
based on measurement of crack opening displacement in the immediate vicinity 
of a crack tip. Crack-tip displacements were measured in three plexiglass 
surface -flawed specimens using both interferometry and holography. Measured 
displacements were approximately 50 percent of displacements calculated using 
approximate analytical solutions. Despite this discrepancy, it is believed that 
this experimental technique can be developed into a useful method of deter- 
mining stress intensity with additional refinement of experimental procedures. 
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1.0 INTRODUCTION 


Failures in aerospace hardware have originated at undetected crack-like flaws 
that enlarged during service use under the influence of loads and environment. 
Accordingly, methods have been developed for estimating minimum performance 
capabilities of medium-to-high strength metallic structure that makes use of 
crack growth and fracture data derived from tests of precracked specimens. 

Tests of surface -flawed specimens provide representative data concerning the 
effects of loads and environment on crack growth in aerospace structure. Surface 
flaws are commonly found in aerospace hardware, and are subjected to plane 
strain deformations that result in minimum fracture toughness and minimum 
resistance to stress corrosion cracking. A second flaw geometry of practical 
interest is the partially embedded flaw originating at a bolt hole. If the parent 
structure is sufficiently thick, such flaws can grow under plane strain conditions 
and initiate failure prior to growing through the section thickness. 

This experimental program was undertaken to refine existing methods of estimating 
minimum performance capabilities of cryogenic pressure vessels and other medium 
to high strength metallic structure. The two alloys selected for testing 

(2219-T87 aluminum and 5AI-2 .5Sn(ELI) titanium) are primary candidates for 

★ 

cryogenic pressure vessel applications and have been previously tested (1-5) to 
develop fracture and subcritical flaw growth data at cryogenic temperatures. 

The previous programs have emphasized testing surface -flawed specimens under 
uniform tension stress fields. However, potential fracture origins are often 
subjected to stress fields influenced by weld residual stresses, weld land builups, 
and circular holes. Hence, the major part of this investigation was devoted to 
tests of surface -flawed specimens containing residual stresses or simulated weld 
land buildups, and specimens containing partially embedded cracks originating 
at circular holes. Both static fracture and fatigue tests were performed under 

* Numbers in parentheses refer to references at end of report. 
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rero-to-tension loading profiles; fracture tests were performed in a liquid nitrogen 
environment; fatigue tests were conducted in room air, liquid nitrogen and 
liquid hydrogen environments. 

There is in existence a considerable body of plane strain fracture toughness 
data derived from the testing of several different specimen configurations. How- 
ever, there has been no systematic comparison of fracture toughness values determined 
from the testing of through-cracked and surface -flawed specimens. To this end, 
single-edge-notched-bend, single-edge-notched-tension, compact tension, and 
surface-flawed specimens were tested. Fracture toughness values were compared 
at 72°F, -320°F and -423°F temperatures for both 2219-T87 aluminum and 5AI-2.5Sn 
(ELI) titanium alloys. The influence of surface-flawed specimen thickness on 
fracture toughness was also investigated at room temperature, -320°F, and -423°F 
for the same two alloys. 

An attempt was made to develop experimental stress intensity analysis techniques 
based on measurements of crack-opening displacement in the immediate vicinity 
of a crack tip. Crack tip displacements were measured in three plexiglass 
surface -flawed specimens using both interferometry and holography. 

The experimental approach was emphasized in the program because of the lack 
of applicable analytical solutions. Whenever possible, analytical solutions were 
checked for validity or were used to gain insight regarding possible methods of 
data correlation. Considerable use was made of linear elastic fracture mechanics 
in the evaluation of the experimental results; in particular, extensive use was 
made of the stress intensity parameter in the design and analysis of the various 
test programs. 
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2.0 BACKGROUND 


The surface flaw is an excellent model of actual failure origins in many metallic 
structures. Consequently, surface-flawed specimens have been tested to develop 
data for use in failure analyses and fracture prevention of metallic hardware. 

Most surface -flawed data have been evaluated and correlated in terms of the 
opening mode stress intensity parameter defined by linear elastic fracture 
mechanics. Some background information relating to stress intensity analyses for 
surface flaws and experimental results derived from tests of surface -flawed specimens 
are summarized in the following paragraphs. 

The first solution for stress intensity at surface flaws was due to Irwin (6) and 
took the form 

K| = 1.1 O ^ (sln^ cf> + (a/c)^ co^ (2-1) 

where 0 is a uniform tensile stress acting perpendicular to the plane of the flaw, 

X - c cos <l> and y = a sin ^ are parametric equations of the semi -elliptical flaw 
periphery, and other variables are defined in Figure 2-1 . Equation 2-1 contains 
some small approximations that are valid for flaw depth-to-length (a/c) ratios less 
than 1.0, and flaw depth-to-thickness (a/t) ratios less than 0.5. 

A number of approximate solutions for stress intensity at the tips of surface flaws 
deeper than 50 percent of the parent plate thickness have been proposed (7,8,9,10). 
Although the solutions have become increasingly sophisticated, there still is some 
uncertainty in calculations of stress intensity for surface flaws for which a/t exceeds 
50 percent. 

Masters et al (3) recently conducted an experimental program to study fracture 
and fatigue induced crack growth of deep surface flaws in uniaxially stressed 
surface -flawed specimens. Tests were performed on 2219-T87 aluminum and 
5AI -2 . 5Sn(ELI) titanium alloy specimens. It was concluded that when the parent 
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section thickness was relatively large with respect to surface flaw plastic zone 
size, failure occurs when 

1 . 1 o ^7ra/Q M|^ ~ *^|E 

where is the fracture toughness of the parent material derived from tests of 

surface-flawed specimens » Experimentally determined values of M„ were found 
to be material dependent as shown in Figures 2-2 and 2-3. 

In view of the uncertainties in calculation of stress intensity for deep surface 
flaws, most fracture and flaw growth data for surface flaws have been developed 
through the testing of specimens in which flaw depth was less than 50 percent of 
the specimen thickness. Some characteristics of the resulting data are described 
in the following paragraphs. 

Fracture tests of surface-flawed specimens have shown that fracture occurs when 
the maximum applied stress Intensity at the flaw tip reaches a particular value of 
stress intensity called fracture toughness of the parent material. Fracture toughness 
values determined from tests of surface-flawed specimens will hereafter be designated 
by the symbol An example of fracture data obtained from tests of surface- 

flawed specimens (1) is shown in Figure 2-4. Failure stress is plotted as a function 
of flaw size for 5A 1-2 .5Sn(ELI) titanium alloy specimens. Data are included for 
uniaxially stressed specimens loaded to failure either monotonically (static specimens), 
or cyclically under both zero-to-tension (0-100-0) and half-tens ion -to -tension 
(50-100-50) loading cycles; one data point for a surface -flawed cylindrical tank 
cycled to failure under zero-to-tension loading profile is also shown. The failure 
criterion 's represented by the solid curve drawn through the data 

points. Good agreement is evidenced between test data and failure criterion. 

Fatigue tests of surface-flawed specimens have shown that, when critical flaw size 
is less than one-half the specimen thickness, the number of uniform loading 
cycles required to grow a flaw from some initial size to the critical size is 


6 



dependent primarily on the maximum stress intensity applied to the flaw tip 
during the initial loading cycle (K||)- Consequently, fatigue data for surface 
flawed specimens are usually plotted on graphs of Kj./Kjg versus cycles to failure where 
data for given loading profiles and test conditions can be reasonably represented 
by a single curve called a cyclic life curve. This approach requires knowledge 
of only initial and final conditions for each test and is called an "end-point" 
approach. Cyclic life curves and data (1) for 2219-T87 aluminum and 5Al-2.5Sn 
(ELI) titanium alloys for room air, liquid nitrogen and liquid hydrogen environments 
are shown in Figures 2-5 and 2-6. These data were developed by testing surface- 
flawed specimens under uniform cyclic tensile stresses. The cyclic life curves in 
Figures 2-5 and 2-6 are used in this report as reference curves against which to 
compare cyclic life data for test specimens containing flaws subjected to stress 
fields adjacent to circular holes, combined bending and tension stresses, and 
we Id -induced residual stresses. 

Flaw growth rates corresponding to a cyclic life curve are found to be inversely 
proportional to the square of the peak cyclic stress level for which the rates are 
evaluated (11). Although no systematic investigation of the stress level dependence 
of plane strain flaw growth rates has been undertaken over large ranges of peak 
cyclic stress, it is experimentally justified to consider flaw growth rates to be 
stress level dependent for ranges of peak cyclic stress normally encountered In 
spacecraft pressure vessels. 
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3.0 MATERIALS AND PROCEDURES 


3.1 MATERIALS 

All metallic specimens were machined from hot rolled plates of 2219-T87 aluminum 
or 5Al“2.5Sn(ELI) titanium alloys. Aluminum plates, 1 .0 by 36 by 84 inches 
(25.4 by 914 by 2134 mm) and 2.5 by 48 by 120 inches (63.5 by 1219 by 3048 mm) 
were purchased in the T-87 condition per Boeing MBS 7-105C (equivalent to 
MIL-A-8920 (ASG) military specification). Specified limits on chemical composition 
are listed in Table 3-1 . Mechanical properties of aluminum base metal and 
weldments are located in Table 3-2. Titanium plates, 0.375 by 36 by 84 inches 
(9.53 by 914 by 2134 mm) and 0.80 by 36 by 60 inches (203 by 914 by 1524 mm) 
were obtained in the mill annealed condition per MIL-T-9046E after a treatment 
of 1500°F (1089°K), 0.5 hour, AC. Ingot composition provided by the vendor is 
listed in Table 3-1 . Mechanical properties of titanium base metal and weldments are 
included in Table 3-3. 

The surfaces of the 1.0 inch (25.4 mm) thick 2219-T87 aluminum plates contained 
blistered regions and inclusions of foreign matter. Metallurgical samples taken 
from the blistered regions showed that surface imperfections extended to a maximum 
depth of 0.002 inch (0.05 mm) and the remaining thickness exhibited a uniform 
normal microstructure. The contaminated surface layers were machined away during 
the preparation of all test specimens. With one exception, all aluminum specimens 
were machined from 1.0 inch (25.4 mm) thick 2219-T87 plates. The excepted 
specimens were tested to evaluate specimen configuration effects in plane strain 
fracture toughness testing and were machined from a 2.5 inch (63.5 mm) thick plate. 

Two different 5AI-2 .5Sn(ELI) titanium plate thicknesses and several different thermal 
treatments were used in preparing titanium test specimens. The various combinations 
of material thickness and thermal processing are summarized in Table 3-4. 

Specimens used to evaluate effects of combined bending and tension stresses and 
stress fields adjacent to circular holes were fabricated from 0.375 inch (9.53 mm) 
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thick plate in the mill annealed condition. A micrograph of the mill annealed 
material in Figure 3-la shows inhomogeneity in the microstructure resulting from 
an incomplete anneal. For comparison, a micrograph of completely annealed 
5AI -2 .5Sn(ELI) titanium tested in Reference 3 is included in Figure 3-lb. 

Specimens used to evaluate surface -flawed specimen thickness effects were machined 
from a second 0.375 inch (9.53 mm) thick 5AI-2.5Sn(ELI) titanium plate. After 
six initial tests, it was noted that the microstructure of the plate was layered as 
illustrated by the micrograph in Figure 3-2. To evaluate effects of further annealing 
treatments on the microstructure of the remaining specimens, samples were heat 
treated at 1350°F (1005°K), 1450°F (1061°K) and 1550°F (1117°K) for 4 and 8 
hours. Micrographs of the samples annealed for 8 hours are included in Figure 3-3. 
The 1550°F (1117°K) - 8 hour anneal recrystallized the microstructure into a 
reasonably homogeneous matrix of equiaxed grains. Accordingly, all remaining 
specimens were annealed at 1550°F {1117°K) for 8 hours prior to being tested. 

Specimens tested to evaluate effects of specimen configuration in plane strain 
fracture toughness testing were machined from a 0.80 inch (20.3 mm) thick 
5AI-2 .5Sn(ELI) titanium plate. This plate was found to be partially annealed at 
mid-thickness as shown by the micrographs in Figure 3-4. Metallurgical samples 
were cut from the plate and annealed at 1550°F (1117°K) and 1 700°F (1200°K) for 
8 and 16 hours. Micrographs of the heat treated samples are Included in Figure 3-5. 
The 1550°F (1117°K) - 16 hour thermal cycle proved to be the most effective 
annealing treatment. Accordingly, all specimen blanks taken from the 0.80 inch 
(20.3 mm) thick plate were annealed at 1550°F (1117°K) for 16 hours prior to 
machining of test specimens. 

Plexiglas specimens used for experimental stress analysis were machined from 
10 by 12 by 12 inches (254 by 305 by 305 mm) cast acrylic blocks obtained from 
Catalogue Plastics and Chemical Company. Mechanical properties of the acrylic 
material are included in Table 3-5. 

3.2 PROCEDURES 

Experimental procedures used throughout the test program are described in this 
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section. Procedures qsplicoble to a given series of tests ore reported in the section 
describing those tests. Welding procedures ore described in Appendix A. 

All test specimens were precracked by growing fatigue cracks from starter slots 
under low stress fatigue loadings. Starter slots with dimensions slightly less than 
the required final flaw dimensions were introduced using an electrical discharge 
machine. Specimens were then fatigue loaded using maximum cyclic stress levels 
of 20 ksi and 50 ksi for the aluminum and titanium alloys, respectively, a 
frequency of 1800 cpm, and a stress ratio of 0.06. Crack surfaces were 
perpendicular to the rolling direction for the 5AI-2.5Sn(ELI) titanium alloy specimen 
and parallel to the rolling direction for the 2219-T87 aluminum alloy specimens. 

Tests at -423°F (20°K) were conducted with specimens completely submerged in 
liquid hydrogen within an enclosed cryostat. Liquid level was monitored by means 
of liquid level sensors. After the liquid reached the desired level, specimens 
were soaked for 15 minutes to stabilize test conditions. Maximum cyclic loads 
applied during the first loading cycle were controlled by means of a hand-operated 

m 

valve. To avoid overloads, the initially applied maximum load was limited to 
90 percent of the required maximum load. Minor load adjustments were made 
during subsequent cycles to raise the load to the required value. The specified 
load level was always reached within three to five cycles. 

Tests at -320°F (78°K) were conducted by submerging test specimens in liquid 
nitrogen. Titanium alloy specimens and aluminum alloy specimens less than 
16 inches (40.6 cm) in length were completely submerged within a closed cryostat. 
Aluminum alloy specimens greater than 16 inches (40.6 cm) in length were submerged 
only in the gage area using a wrap-around cryostat. Thermocouple temperature 
measurements showed that the gage areas were maintained at -320°F (78°K). Prior 
to the installation of the cyclic test specimens, a dummy specimen was used to 
adjust cyclic loads to the required values. The test specimen was then substituted 
for the dummy specimen, cooled to -320°F (78°K), soaked for 15 minutes, and 
tested. Due to the prior load adjustment, the required maximum cyclic load was 
applied on the first loading cycle. 
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Tests at room temperature were conducted within an air-conditioned laboratory 
in room air. Temperature and relative humidity were neither controlled nor 
measured. Ambient temperatures were very close to 72°F (295°K) for all tests. 

All maximum cyclic loads were preset using dummy specimens. 

Mechanical properties were determined by testing specimens with uniform gage 
areas as shown in Figures 3-6 and 3-7. Specimen configuration for 2219-T87 
aluminum parent metal and weld metal, 5Al-2.5Sn(ELI) titanium parent metal, 
and plexiglas is detailed in Figure 3-6. Specimen configuration for 5Al-2.5Sn(ELI) 
titanium weld metal is detailed in Figure 3-7. Titanium weld metal tensile « 
specimens were machined so that the specimen centerline coincided with the weld 
centerline and the gage area consisted entirely of weld metal. All metallic 
specimens were instrumented with 2.0-inch (5.08 cm) gage length extensometer . 
Plexiglas specimens were Instrumented with back-to-back pairs of strain gages. 

Loading rates can be summarized as follows. Mechanical property tests were 
conducted using a strain rate of 0.005 inch/inch/minute until the material yield 
strength was exceeded; the strain rate was then increased to 0.02 inch/inch/minute 
until failure. The loading rates for static fracture specimens were such that failure 
resulted at about one minute after initial load application. All cyclic loading 
profiles were sinusoidal with a cyclic frequency of 20 cycles per minute at 72°F 
(295°K) and -320°F (78*^K), and two cycles per minute at -423°F (20°K). 
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4.0 FRACTURE AT FLAWS PROTRUDING FROM CIRCULAR HOLES 

Rivet and bolt holes ore a common origin of fatigue cracks in aerospace structure. 
Cracks often originate at the corner formed by the hole wall and structure surface 
and propagate initially as partially embedded flaws with peripheries that resemble 
quarter -ellipses as illustrated in Figure 4-1 . Under certain combinations of material 
thickness, fracture toughness, and applied stress, such cracks can be the origins 
for fast running fractures prior to growing through the section thickness. Under 
other combinations of the same variables, such cracks can propagate through the 
section thickness and form through-the-thickness cracks growing from a circular hole. 
A good stress intensity analysis (12) is available for through-the-thickness cracks 
growing from a circular hole and this analysis can be used in conjunction with 
fracture toughness data to estimate critical crack lengths, failure stresses, and 
desirable inspection frequencies for potential through crack origins. However, no 
stress intensity analysis exists for partially embedded flaws protruding from circular 
holes and only rough estimates of critical crack sizes, failure stresses, and inspection 
intervals can be made for such flaws. Hence, the experimental program outlined 
in Table 4-1 was undertaken to evaluate the effects of partially embedded flaws 
on fracture strength and fatigue life of parent structure. The experimental approach 
was chosen in view of the immense difficulty of performing an applicable stress 
analysis . 

Both static fracture and fatigue tests were performed on 2219-T87 aluminum and 
5AI-2.5Sn(ELI) titanium alloy uniaxially stressed specimens. All specimens contained 
circular holes with peripheral cracks as illustrated in Figure 4-1 . For static fracture 
tests, specimen geometry was varied using two hole diameter-to-thickness (2r/t) 
ratios, three flaw depth-to-thickness (a/t) ratios, and three flaw depth-to-length 
(a/c) ratios. Specimen thickness was varied for the aluminum alloy specimens to 
avoid excessively large specimen dimension and load requirements. All tests were 
conducted at -320°F (78°K) in liquid nitrogen. Fatigue tests were conducted at 
72°F (295°K) in room air, -320°F (78°K) in liquid nitrogen, and at -423°F (20°K) 
in liquid hydrogen using specimens with 2r/t = 0.50, a/t = 0.2 and a/c = 1 .0. 
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Materials and test procedures are described in Section 3 of this report. 

4.1 RESULTS 

Tables 4-2 through 4-5 summarize test variables and gross fracture stress for the 
seventy-two fracture tests of specimens with flaws originating at circular holes. 
Failure stresses are plotted in terms of flaw depth-to-length ratio in Figure 4-2. 
Separate plots are included for each material and for each hole diameter-to- 
thickness ratio tested. The effect of hole diameter on failure stress is illustrated 
in Figure 4-3 where it can be seen that the effect is reasonably constant for all 
a/c and a/t ratios and both materials. 

All failures originated at the flaw under elastic net section stresses. Crack 
propagation completely severed the flawed half of the specimen and, simultaneously, 
the unflawed ligament underwent an ultimate strength failure. Fracture surfaces 
on the flawed side of all test specimens were very flat and exhibited only small 
shear lips as evidenced by the pictured fracture faces in Figure 4-4o. The 
fracture surface of one aluminum specimen (1 HA52-2) exhibited extensive delamina- 
tion along the flaw periphery. Fracture surfaces of several other aluminum 
specimens (1 HA22-2, 5 HA22-1 , and -2, and 1 HA51 -2) exhibited small amounts 
of delamination along the flaw periphery. 

Table 4-6 includes test results for specimens subjected to fatigue loadings. All 
specimens except titanium/room air were cycled to failure. Critical flaw sizes 
were not clearly visible and only initial flaw sizes are reported. It did appear 
that all specimens failed when flaw depth was significantly less than the specimen 
thickness. Titanium/room air specimens were subjected to 1000 loading cycles and 
were then pulled to failure. Both initial and final flaw sizes for the cyclic loading 
sequence were clearly outlined on the fracture surfaces. Fracture surfaces of all 
specimens tested in LN 2 and LH 2 showed very little evidence of shear lips as 
illustrated by the fracture surfaces pictures in Figure 4-4b. Aluminum/room air 
specimens delaminated near maximum flaw depth and resulting fracture faces were 
flat only in the vicinity of the flaw as shown in Figure 4-4c . 
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Table 4-7 contains fracture toughness (K|^) values obtained from tests of surface- 
flawed specimens. For the 5AI-2 .5Sn(ELI) titanium alloy, test specimens were 
fabricated using specimens previously tested with flaws originating at holes. 

Fracture faces were cut from the broken halves of specimens 1HT81-1 and -2, 
and 1 HT55-1 and -2, and the specimen halves were welded together using the 
electron beam (EB) process. Surface flaws were located 0.4 inch (12.7 mm) away 
from the edge of the EB weld in order to avoid the heat affected zone associated 
with the weld. Average fracture toughness values were 43 ksi VTn (47 MN/m ) 
and 75 ksi VTn (82 MN/m ) for the aluminum and titanium alloys respectively. 

4.2 ANALYSIS 


4.2.1 Static Fracture Tests 


An analysis was undertaken to develop a failure criterion for partially embedded 
flaws protruding from circular holes. It was assumed that failure originated along 
the peripheries of the flaws under conditions of plane strain at the location of 
maximum applied stress intensity, K . Pertinent variables include specimen 
thickness 't'^ flaw dimensions 'a' and 'c‘, and hole diameter'r'. Hence the 
failure criterion took the form 


K ^ (a,c,r,t) 
max 



(4-1) 


where is the fracture toughness from tests of surface-flawed specimens. 
Because of the combined stress concentrations of hole and flaw in the vicinity of 
the intersection of the flaw periphery and hole surface, it was felt that failure 
would very likely initiate near that intersection and the most significant flaw 
dimension would be 'a'. Dimensional considerations then led to the following 
criterion: 


a ^^a • F(a,c,r,t) = 


(4-2) 


To gain insight into the form of F(a,c,r,t), values of a -ffa were plotted in 
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terms of different independent variables in Figures 4-5 through 4-7. It was at 
first thought that it might be possible to modify a failure criterion for surface 
flaws (3) to predict failure stresses for flaws originating from holes. The surface 
flaw failure criterion assumes the form 

C a • G(a/t) = K|^ (4-3) 

where C is a constant and G(a/t) is both material and (a/c) dependent. However 
the O Va versus (a/c) data plots in Figure 4-5 show that any attempts to modify 
Equation (4-3) to account for hole effects would not be successful. Data plots 
of Oy/^ versus c/r in Figures 4-6 and 4-7 expressed the test results in an orderly 
manner. Accordingly, a failure criterion of the form 

C O F(c/2r) • G(a/t) • H(r/t) = (4-4) 

was evaluated. Using functions F(c/2r) and G(a/t) shown in Figure 4-8, it was found 
that calculated failure stresses agree with actual failure stresses within ± 10 percent 
with C = 1,1 and H(r/t) = V 4( r/t) . The single exception was specimen 1HA82-1 
for which actual failure stress was 12 percent lower than the calculated value. 

Since only two (r/t) ratios were tested, the form of H(r/t) could not be properly 
evaluated. However, reasonable agreement between actual and calculated failure 
stresses was obtained in this set of tests using H(r/t) = V 4(r/t) . 

A second failure criterion was .evaluated after it was noted that the (c/r) ratio had 
a marked effect on fracture stress, and that the effect of hole size on fracture stress 
decreased as flaw length increased. These observations led to an attempt to calculate 
effective flaw lengths (c^) for each test specimen which, when substituted into the 
Bowie (12) analytical stress intensity solution for through-the -thickness cracks 
originating at a hole, could be used to estimate failure stress for each specimen. 

This approach is illustrated in Figure 4-9 where geometry and failure criterion for 
a through-crack are compared to geometry and failure criterion for a partially 
embedded flaw. Values of F(c/r) from (12) are included in Figure 4-10. Assuming 
the failure criterion 
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(4-5) 


K,- - C a V^c • F(c /r) 

IE e e 

values of (c /c) were found to relate to (a/c) and (a/t) in an orderly manner 
0 

for C = 0,87 as shown in Figure 4-11. Failure stresses calculated using 
Equation (4-5) with C = 0.87 and the c^/c curves in Figure 4-11 differed from 
actual failure stresses by less than 10 percent for all but two specimens: 

1HA82-1A and 5HT22-1 yielded failure stresses that were respectively 18 percent 
lower and 15 percent higher than the calculated failure stress. 

Of the two failure criteria. Equation (4-5) is thought to be more attractive 
than Equation (4-4) because of its relationship to an existing stress intensity 
solution (12). Since Equation (4-5) was found to be applicable to two distinctly 
different materials, it is hoped that it will also be applicable to materials other 
than those tested in this program. 

4.2.2 Fatigue Tests 

Cyclic life data for specimens containing flaws originating at holes were compared 
to cyclic life data for surface-flawed specimens reported in Reference 1 . It was 
hoped that the comparison would yield a consistent relationship between cyclic 
life for the two different flaw types so that future estimates of minimum cyclic 
life for flaws originating at holes could be based on cyclic life data for surface 
flaws. Since eye les-to -failure data for surface-flawed specimens have a strong 
tendency to fall within a reasonably narrow scatter band on (l^|j/K|g) versus cycles- 
to-failure plots (Kj. is the maximum stress intensity generated along the flaw 
periphery during the first loading cycle), data for the two different flaw configura- 
tions were compared on such plots in Figures 4-12 and 4-13. Values of Kj. for 
specimens containing flaws originating at holes were estimated by substituting 
initial flaw parameters and peak cyclic stress into the equation 

K, = 0.87 o Vttc • F (c /r) (4-6) 

I 0 0 

taken from Section 4.2.1 of this report. Resulting values of Kj, and K||/K|£ 

for each specimen are summarized in Table 4-8. For given ratios, 

agreement between cyclic life data for both flaws originating at holes and 
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surface flaws is very good except for the aluminum/LH 2 tests. For the 2219-T87 
aluminum alloy, a reduction in test temperature from -320°F (78°K) to -423°F (20°K) 
had very little effect on cyclic life for surface-flawed specimens but significantly 
reduced cyclic life for specimens containing flaws originating at holes. 

For titanium/air tests in which specimens were subjected to 1000 loading cycles 
without failing, final flaw dimensions were compared to estimated final flaw 
dimensions based on flaw growth rate data for surface flaws reported in (1). To 
estimate flaw growth, it was assumed that the initial quarter-circular flaw would 
remain quarter-circular throughout each test. For different assumed final flaw sizes, 
stress intensities calculated for initial and final conditions using Equation (4-6) were 
averaged to obtain an average applied stress intensity for the 1000 loading cycles. 
Crack growth rate corresponding to the average stress intensity was obtained from 
data in (1). The average growth rate was multiplied by 1000 to calculate the total 
anticipated flaw growth due to 1000 loading cycles. The flaw radius for which 
assumed and calculated flaw sizes agreed was 0.20 inch (5 mm) for both specimens. 

In the actual tests, the flaw did not remain quarter-circular in shape. Rather, 
the depthwise flaw growth was greater than the lateral growth and the maximum 
final flaw dimensions were less than the calculated values. 

The cyclic life data contained in Figures 4-12 and 4-13 were all generated from 
specimens in which flaw depth-to-thickness (a/t) ratio at failure did not significantly 
exceed 50 percent of the specimen thickness. For such restricted geometries, it 
does appear that cyclic-life and flaw-growth-rate data for surface flawed specimens 
can be used in the manner employed in the foregoing analysis to make reasonable 
estimates of cyclic life for tension -loaded structure containing corner flaws 
originating from holes. However, there may be material/environment combinations 
for which estimated life will be somewhat greater than actual life as in the 
2219-T87 aluminum/LH 2 tests conducted herein. 

4.3 SUMMARY 

Two failure criterion were developed using fracture data for 2219-T87 aluminum 
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and 5AI-2 ,5Sn(ELI) titanium test specimens containing partially embedded flaws 
protruding from circular holes (see Figure 4-1). Of the two criteria. Equation 
(4-5) is thought to be more attractive than Equation (4-4) because of its relation- 
ship to an existing stress intensity solution (12). Since Equation (4-5) was found 
to be applicable to two distinctly different materials, it is hoped that it will also 
be applicable to materials other than those tested in this program. 

A method of comparing cyclic life data for surface flaws and partially embedded 
flaws protruding from holes was evaluated. It does appear that fatigue data for 
surface -flawed specimens can be used to make reasonable estimates of cyclic life 
for tension loaded structure containing corner flaws originating from circular holes. 
However, there may be material/environment combinations for which estimated 
life will be moderately greater than actual life. 
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5.0 FRACTURE AT SURFACE FLAWS SUBJECTED TO COMBINED 
BENDING AND TENSION STRESSES 


Potential flaw locations in aerospace hardware are often subjected to combined 
bending and tension stresses. Estimates of critical flaw size and minimum cyclic 
life for these conditions can be calculated using approximate stress intensity 
analyses for surface flaws subjected to combined bending and tension stresses. 

The following experimental program constitutes an initial attempt to experimentally 
evaluate effects of combined bending and tension stresses on stability of surface 
flaws. 


5.1 BACKGROUND 


Two approximate solutions have been derived for stress intensity at the tip of 
semi -elliptical surface flaws in plates subjected to bending. Both analyses are 
limited to flaws with (a/t) values less than 0.5, Stress intensity due to bending 
(K||^) is expressed in the form 

"lb = 


where M„ is a scalar factor depending on a/t and a/2c; t is the plate 

D 

thickness; and O is the maximum bending stress at the outer fibers of the 

D 

plate. 


Smith (10) obtained approximate Mg values for a/2c = 0 and 0.5 using two existing 
stress intensity solutions and interpolated to derive Mj. values for intermediate flaw 

D 

shapes. Smith’s results are plotted in Figure 5-la. The upper curve for a/2c - 0 
was obtained from the Gross (13) solution for an edge -notched plate subjected to pure 
bending; the lower curve for a/2c = 0.5 was derived from the Smith (14) solution for 
a semi-circular surface flaw in a thick plate subjected to pure bending. 


Shah obtained approximate Mg values using a solution (15) for an embedded elliptical 
flaw in a large beam subjected to pure bending moment. The stress intensity 
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(5-2) 


was expressed by Equation (5-1) with Mg values given by 


Mg = Mp - 


2 (g/t) E(k) 


(Hk^) E(k) - 0-k^) K(k) 


where Mp = 1 +0.12 (l-a/2c) is a correction factor accounting for the effect 
of the stress free face from which the flaw originates; K(k) and E(k) are complete 
elliptic integrals of the first and second kind corresponding to the modulus 
k = [l-(a/c)^ • Values of Mg calculated from Equation (5-2) are plotted 

in Figure 5-lb. Both Shoh and Smith M„ values agree for a/2c = 0.5 but the 

D 

Smith values become increasingly larger than the Shah values as a/2c is decreased 
from 0.5. 

Stress intensity at the tips of semi -elliptical flaws in plates subjected to combined 
bending and tension can be estimated using the principle of superposition, 
i.e., Kj = K|^ + K||^ where K||^ and are stress intensities due to bending 
and tension stresses respectively. Kj^ can be calculated using the Irwin (6) 
solution, i.e., 


K|^ = 1.1 -fn 


(5-3) 


where is the tension stress acting perpendicular to the plane of the flaw. 

Stress intensity for combined bending and tension stresses is obtained by combining 
Equations (5-2) and (5-3) as follows: 


K| = 1.1 Oj Va/Q + Mg Og V a/Q (5-4) 

Equation (5-4) was used to evaluate the results of the following test program. 


5.2 TEST PROGRAM 


Effects of combined bending and tension stresses on fracture and fatigue growth 

or surface flaws were experimentally evaluated according to the test program 

outlined in Table 5-1. Test specimen configuration is illustrated in Figure 5-2. 

Surface flaws having two nominal a/2c ratios (0.125 and 0.250) and a/T ratios 

(0.25 and 0.50) were tested under uniform tension stresses (using T/t = 1.5 and 2.0). 

Uniform thickness specimens were tested to determine fracture toughness data using 
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surface flaws identical to those tested under combined bending and tension 
stresses- All static fracture tests were performed at -320^F (78'^K) in liquid 
nitrogen. Fatigue tests were conducted at room temperature in ambient air, 
at -320°F (78°K) in liquid nitrogen, and at -423°F (20*^K) in liquid hydrogen. 

5.3 DESCRIPTION AND ANALYSIS OF RESULTS 

5.3.1 Specimen Calibration 

Load versus bending stress calibrations were established for each different specimen 
configuration. This was accomplished be testing unflawed specimens instrumented 
with four pair of back-to-back strain gages as illustrated in Figure 5-3. Each 
specimen was incrementally loaded at -320°F (78°K) and strain readings were 
taken after the addition of each load Increment. In all specimens, the measured 
strains were quite uniform across the specimen width at all load levels. Bending 
stresses were calculated using the following procedure. Applied stress was 
divided by average tensile strain to determine the modulus of elasticity for the 
material. The calculated modulii were 11.5 - 0.1 x 10^ and 18.1 - 0.1 x 10^ 
psi for the aluminum and titanium alloys respectively. Average bending strains 
were multiplied by the appropriate modulus in order to calculate bending stress. 
The resultant load versus bending stress curves are plotted in Figure 5-4. 

5.3.2 Static Fracture Tests 

Static fracture test results are summarized in Table 5-2. For the 2219-T87 
aluminum alloy, four uniform thickness and two asymmetrical specimens failed 
in the grip area. For the 5Al-2.5Sn(ELI) titanium alloy, two uniform thickness 
and two asymmetrical specimens failed at the flaw plane, two uniform thickness 
specimens did not fail at the test machine capacity of 160 kips, and five 
asymmetrical specimens failed in the grip area. Pronounced delaminations were 
observed at the flaw tip on the failure surfaces of uniform thickness aluminum 
specimens All-1, A21-1 and A22-1 . Fracture surfaces of all other specimens 
were very flat in the vicinity of the flaw. 
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Fracture toughness values (K|g) were obtained from only one aluminum specimen 
(A21-1) and one titanium specimen (T21-1), The other uniform thickness 
specimens tested either delaminated at the flaw tip (All-1, A21-1 and A22-1) 
or were inadequately fatigue cracked (T22-1), and the resultant data were not 
evaluated. The Kj^ =45 ksi -/ir7 (49 MN/m^'^^ ) calculated for specimen A21-1 

agrees with comparable data included in Figure 6-1 3b. The K.p = 77 ksi Vin 

3/2 ^ 

(85 MN/m ^ ) calculated for specimen T21-1 compares favorably with comparable 

data in Table 4-7. 

Maximum loads applied to several test specimens are compared to estimated 

failure loads in Table 5-3. Failure load estimates were calculated using 

Equation (5-4) and values of 45 ksi VTn^ (49 MN/m^^^ and 77 ksi -/i^ (85 MN/m^^^ 

for the aluminum and titanium alloys respectively. Values of were estimated 

by extrapolating the versus P curves in Figure 5-3 to the observed failure 

load. The first four specimens listed in Table 5-3 failed at the flaw plane. 

Slightly better agreement between actual and calculated failure load was obtained 
when calculations were made using Mg values from Figure 5-la rather than 5-lb. 

The remaining specimens listed in Table 5-3 failed in the grips. The flawed 
cross-section of most specimens were subjected to loads greater than 90 percent 
of the calculated failure loads without failing. 

Table 5-3 shows that reasonable estimates of failure load can be made for structure 
containing surface flaws subjected to combined bending and tension stresses. It 
follows that critical flaw sizes can also be estimated for given applied stresses. 

At the present time, estimating procedures are available only for flaws having 
depth-to-thickness ratios less than 0.5. The limited experimental data in Table 5-2 
agreed slightly better with estimates made using Mg values from Figure 5-la rather 
than from Figure 5-lb. 

5.3.3 Fatigue Tests 

Test results for both 2219-T87 aluminum and 5Al-2.5Sn(ELI) titanium alloys are 

included in Table 5-4. All aluminum alloy specimens were cycled to failure. 

Specimens tested at room temperature and -320°F (78°K) delaminated in the 
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vicinil-y of fhe flaw tip during cycling. At room temperature, depthwise flaw 
growth was completely inhibited as illustrated in Figure 5-5. At -320°F (78°K), 
limited depthwise growth occurred before delaminations became sufficiently 
pronounced to halt further growth, and considerable growth occurred laterally in 
the flaw plane. At -423°F (20° K) , no delaminations were observed on any of 
the fracture faces, but final flaw peripheries were not sufficiently distinct to 
permit reliable measurements of critical flaw size. 


Aluminum alloy fatigue results are compared to previously reported fatigue data (1) 
for surface -flawed specimens tested under uniform tension stresses in Figure 5-6. 
Comparisons are made on semi-log plots of K|j/K|g versus cycles to failure. 

K|. values were calculated using Equation (5-4) and M„ values from Figure 5-la. 
K|g values of 41, 43 and 45 ksi VTrT (45, 47, and 49 MN/m ) were obtained 
from Figure 6-13 for room temperature, -320°F (78°K) and -423°F (20°K), 
respectively. At room temperature and -320°F (78°K), cyclic lives at a given 
K|i/K|E ratio were significantly greater for specimens subjected to combined 
bending and tension stresses than for specimens subjected to uniform tension stresses. 
Since delaminations in aluminum surface -flawed specimens tend to prolong cyclic 
life, most of noted differences in cyclic life were probably due to the effects 
of delaminations in the specimens tested under combined bending and tension 
stresses. At -423°F (20°K) no delaminations were observed and there was much 
closer agreement between the data for combined bending and tension stresses and 
uniform tension stresses. 


Titanium alloy results are compared to previously reported data (1) for surface- 
flawed specimens tested under uniform tension stresses in Figure 5-7. At -320°F 
(78°K) all bending/tension specimens were cycled to failure. Flaw depths were 
greater than 50 percent of the specimen thickness throughout each test. However, 
initial flaw depths were sufficiently close to 50 percent of specimen depth to 
permit reasonable estimates of K,. using Equation (5-4) and M„ values from 

II D 

Table 5-la; K../K,_ ratios for each specimen were based on K,- = 77 ksi VTn 

3 /2 * * * ^ o o ^ 

(85 MN/m ) , Room temperature and -423 F (20 K) data comparisons were made 

on stress intensity versus flaw growth rate [ K. versus d(a/Q)/d n] plots in 
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Figure 5-7. Rates for uniform tension stresses were calculated using Reference 1 
data and two different stress levels including (1) maximum bending plus tension, 
and (2) uniform tension stress components of the stress fields used in the combined 
bending and tension stress tests. Flaw-growth rates were assumed to be 
inversely proportional to the square of the stress level (11). Rates for bending- 
tension specimens were calculated by dividing the observed changes in flaw size 
( A o/Q) by the number of applied loading cycles, and were plotted against the 
arithmetic average of initial and final stress intensities at the flaw tip calculated 
using Equation (5-4) and Mg values from Figure 5-la. At room temperature, flaw 
growth rates for combined bending and tension stresses agreed with Reference 1 
rates evaluated for a stress level equal to the maximum bending plus tension 
stress. At -423°F (20*^K) flaw growth rates for combined bending and tension 
specimens were less than comparable rates for uniform tension stresses reported in 
Reference 1 . 

In conclusion, these limited data provide an incomplete characterization of the 
subcritical fatigue growth behavior of surface flaws subjected to combined bending 
and tension stresses. Until further experimental or analytical work is undertaken, 
estimates of cycles to failure for surface flaws subjected to combined bending and 
tension stresses can be based on cyclic life and flaw growth rate data for surface- 
flawed specimens tested under uniform tension stresses. The data developed herein 
indicate that for given Kp/Kj^ ratios, cyclic life for flaws subjected to combined 
bending and tension stresses will range from slightly less to significantly greater 
than cyclic life for flaws subjected to uniform tension stresses. 


26 



6.0 INFLUENCE OF SPECIMEN DESIGN IN PLANE STRAIN 
FRACTURE TOUGHNESS TESTING 


Plane strain fracture toughness is receiving increased attention in material selection 
and design considerations for medium-to-high strength metallic structure. There is 
in existence considerable plane strain fracture toughness data obtained from tests 
of surface -flawed specimens ( 1 ,2,3, 16, 17, for example) since the surface-flawed 
specimen is the best available model of potential failure origins In aerospace 
pressure vessels. However, a recently proposed ASTM test method (18) for plane 
strain fracture toughness (K|^) testing of metallic materials presently covers tests of 
only single-edge-notched bend and compact tension specimens. To assess the 
usefulness of such specimens in the design of aerospace hardware, a systematic 
comparison of plane strain fracture toughness data obtained from tests of through- 
cracked and surface -flawed specimens was undertaken. To this end, duplicate 
2219-T87 and 5Al-2.5Sn(ELI) titanium single-edge-notched-bend (SENB), single- 
edge-notched-tension (SENT), compact tension (CT) and surface flawed (SF) specimens 
were fractured at 72°F (295°K) in room air, -320°F (78°K) in liquid nitrogen, 
and at -423°F (20°K) in liquid hydrogen as summarized in Table 6-1 . 

The proposed test method (18) specifies minimum specimen thicknesses and crack 
lengths required to obtain acceptable values from tests of SENB and CT 
specimens. To investigate the applicability of these requirements to SF specimens, 
tests of 2219-T87 aluminum and 5Al-2.5Sn(ELI) titanium SF specimens were under- 
taken in which specimen thickness and flaw shape were varied, as summarized in the 
lower part of Table 6-1. For tests of each alloy, four specimen thicknesses and 
two flaw shapes were used and flaw depth-to-thickness ratios were less than 50 
percent for all but the thinnest specimens. Aluminum alloy specimens were tested 
at 72°F (295°K), -320°F (78°K), and -423°F (20°K). Titanium alloy specimens 
were tested at -320°F (78°K) and -423°F (20°K). 
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6.1 


PROCEDURES 


6.1.1 Specimen Configuration Effect Tests 

All specimens were cut from either one 2.5 inch (6.35 cm) thick 2219-T87 aluminum 
alloy plate or one 0,80 inch (2.03 cm) thick 5Al-2.5Sn(ELI) titanium alloy plate 
as illustrated in Figure 6-1. Orientation of crack plane with respect to rolling 
direction was the same in all specimens of a given alloy, I.e., parallel to the 
rolling direction for the aluminum alloy and perpendicular to the rolling direction 
for the titanium alloy. The tips of all cracks in SENB, SENT and SF specimens 
were located very close to the mid plane of the parent plate. Crack tips in CT 
specimens were respectively 0.35 inch (0.89 cm) and 0.075 inch (0.19 cm) away 
from mid plane of the aluminum and titanium alloy parent plates. 

Specimen details for SENB, SENT and CT specimens are shown in Figure 6-2. All 
specimens were fabricated with the largest depth (W) dimensions that could be 
obtained from the parent plates, i.e,, 2,50 inches (6.35 cm) for the aluminum 
specimens and 0,75 inches (1.91 cm) for the titanium specimens. Specimen thick- 
nesses were 1.25 inches (3.18 cm) and 0.40 inches (1.02 cm) for aluminum and 

titanium specimens respectively. Thicknesses were chosen to exceed estimated values 

2 

of 2.5 (K. / a ) for all material -environment combinations except titanlum/air. 

!c ys 2 

For the titanium/air tests, it was estimated that 2.5 (K, / a ) exceeded 2.5 Inches 

Ic ys 

(6.35 cm), and specimens sufficiently large to measure could not be machined 
from the available 0.80 inch (2.03 cm) thick plate. Loading pin hole locations in 
the CT specimens were smaller and more widely separated than the hole locations 
recommended in Reference 18 since CT specimens were designed prior to the release 
of the proposed test method. However, CT specimen proportions agreed with 
Reference 18 requirements in all other respects. 

Surface -flawed specimen details are summarized in Figure 6-3, Specimen thickness 

2 

was selected to be greater than estimated values of 2.5 (K.^/ a ) where K,- 

It ys IE 

is fracture toughness resulting from the SF specimen tests. 
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Specimens were precracked by growing fatigue cracks from starter slots. Details 
of starter slots used in SENB, SENT and CT specimens are summarized in Figure 6-4. 
An electrical discharge machine (EDM) was used to produce a sharp tip at the end 
of a milled slot. For the aluminum alloy, starter slots fell within the required 
envelope specified in Reference 18; for the titanium alloy, the 0,10 inch (0.25 cm) 
milled slot was wider than the maximum allowable (18) value of 0.05 W (0.038 inch 
or 0.096 cm). In SF specimens, starter slots were produced using an EDM machine 
and 0.06 inch (0.15 cm) thick circular electrodes; electrode tips were machined to 
a radius of about 0.003 inch (0.008 cm) and an included angle of less than 20 
degrees. All specimens were cracked under tension-tension fatigue at 72°F (295°K) 
in room air. The ratio of maximum cyclic stress intensity to Young's modulus 
(Kp/E) was less than 0,0012 inch^^^ (0.0019 cm^^^ for all but the titanium alloy 
SENS specimens tested at -320°F (78°K) and titanium alloy CT specimens tested at 
-423*^F (20°K) for which K^/E was 0.0014 inch^^^ (0.0022 cm^^^). The resulting 
fatigue cracks in SENS, SENT and CT specimens were quite uniform across the 
specimen width and were approximately 0.10 inch long (0.25 cm). Fatigue cracks 
in SF specimens were about 0.04 inch (0.10 cm) and 0.02 inch (0.05 cm) long in 
the aluminum and titanium alloy specimens respectively and the crack peripheries 
approximated semi -ellipses. 

Tests at 72°F (295^K) were conducted within an enclosed air conditioned laboratory. 
Relative humidity was neither controlled nor measured. Tests at -320°F (78°K) and 
-423°F (20°K) were conducted with test specimens completely submerged in liquid 
nitrogen and liquid hydrogen respectively. Specimens were soaked for 15 minutes 
prior to loading to stabilize test conditions. All specimens were tested in standard 
test machines. SENB specimens were supported on lightly greased rollers separated 
by a fixed span. 

Continuous recordings of crack-opening displacement versus load were obtained for 
all tests except SF specimens tested at -423°F (20°K). Crack displacements were 
measured using a clip gage spring loaded against integrally machined knife edges. 
Knife edge details for all specimens are shown in Figure 6-4. For SF specimens, the 
knife edges were machined into the specimen surface at the mouth of the surface 
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crack. One such knife edge appears as a small rectangle within the dark colored 
EDM slot on the fracture face of the aluminum alloy SF specimen pictured in 
Figure 6-5. Clip gage details corresponded to those given in Reference 18 and both 
clip gage and load cell were connected to an X-Y recorder to obtain the test records. 


Fracture toughness values for SENB, SENT and CT specimens were calculated using 
the equations summarized in Figure 6-6. Loads used in the calculations were ob- 
tained by drawing secant lines through the origin of each crack-opening displacement 
versus load record having a slope 5 percent less than the slope of the initial straight 
line part of the test record. The load corresponding to the intersection of secant 
offset and test record was designated as and was substituted into the equations in 
Figure 6-6 to calculate fracture toughness. 


Fracture toughness values for SF specimens were calculated by substituting maximum 
applied gross stress and initial flaw dimensions into Equation 2-1 with <{> - 90^. 

This procedure implies that fracture originates at the point of maximum flaw depth and 
unstable flaw propagation is preceded by negligible amounts of slow crack propagation. 
This implication is discussed in light of the test results in the "Results and Discussion" 
section. 


6.1.2 Specimen Thickness Effect Tests 

All specimens were taken from either 1.0 inch (2.54 cm) thick 2219-T87 aluminum 
or 0.38 inch (0.97 cm) thick 5AI-2.5Sn(ELI) titanium plate stock. Three different 
specimen configurations were used and designated as configurations A, B and C. 
Specimen configurations are illustrated in Figure 6-7 and specimen dimensions are 
listed in the tables of results. Crack planes were parallel to the rolling direction in 
aluminum alloy specimens and perpendicular to the rolling direction in titanium alloy 
specimens. All specimens were precracked and tested using the same procedures 
that were employed in the specimen configuration effect tests, except that crack- 
opening displacement versus load records were not obtained. 
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6.2 


RESULTS AND DISCUSSION 


6.2.1 Specimen Configuration Effect Tests 

Tables 6-2 and 6-3 contain test results and specimen details for 2219-T87 aluminum 
and 5A 1-2 .5Sn(ELI) titanium SENT, SENB and CT specimens. Tables 6-4 and 6-5 
contain similar data for SF specimens « Test records for one of each set of duplicate 
instrumented specimens are included in Figures 6-8 through 6-11. Plane strain frac- 
ture toughness values obtained from tests of SENB, SENT and CT specimens along 
with fracture toughness values obtained from SF specimen tests are given ds a function 
of test temperature in Figure 6-12 for both 2219-T87 aluminum and 5A l-2.5Sn(ELI) 
titanium alloys. 


Crack displacement-versus-load records for all SENB, SENT and CT specimens (with 
the exception of the inadequately sized titanium alloy specimens tested at 72^F) in- 
dicated a reasonably abrupt onset of unstable crack propagation. The load was 
usually slightly less than the maximum load but always greater than loads correspond- 
ing to all points on the test record preceding that at Pq . Deviations from linearity at 
0.8 P^ were less than 25 percent of comparable deviations measured at P^ as required 
for valid test records (18). 


Crack displacement versus load record for SF specimens exhibited moderate nonlinearity 
at loads above about 90 percent of the maximum applied loads. It is believed that 
the nonlinearity observed in these tests was due primarily to small amounts of slow 
crack extension that preceded rapid crack propagation. Unreported tests of 2219-T87 
aluminum and 5A 1-2 .5Sn(ELI) titanium SF specimens conducted at The Boeing Company 
have shown that moderate amounts of slow crack extension do occur when such specl- 
ments are loaded to stress intensity levels near and then immediately unloaded 
prior to failure. Moderate amounts of crack extension in SF specimens at stress intensity 
levels less than has been previously reported (2) for both 2219-T87 aluminum and 
5A1-2.5 Sn(ELI) titanium in the environments of room air, liquid nitrogen and liquid 
hydrogen . 

Plane strain fracture toughness data for the 2219-T87 aluminum alloy SENB, SENT 
and SF specimens are in good agreement as illustrated in the lower part of Figure 6-12. 
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The scatter band was drawn for illustrative purposes and includes all SENB and SENT 
data. The SENB, SENT and SF fracture toughness data are in good agreement, but 
the CT data fall consistently below data for the other specimen types. There were 
some small differences between SENB, SENT and SF data, some of which were 
temperature independent and others temperature dependent. For example, SENB 
data fell moderately higher than SENT data at all test temperatures. The SENB 
data also fell above SF data at -320^F (78^K) and -423^F (20^K), but agreed 
closely with SF data at 72^F (295^K). Small variations in fracture toughness data 
for SENB, SENT and SF specimens are not surprising. However, the substantial 
disagreement between CT data and all other data was unexpected. 

Limited efforts to determine possible reasons for the discrepancies noted in the 

aluminum alloy fracture toughness data were not successful. Since there was a remote 

possibility that the CT specimens could have been inadvertently fabricated with cracks 

located in the TR rather than the WT plane, rolling and thickness directions were deter- 

mined for each CT specimen. The variation of microstructure with direction is illustrated 

in Figure 6-13 and shows that the crack planes were properly oriented in the WT plane 

of the parent plate. Two additional CT specimens were tested in room air to determine 

whether increase in length of ligament between the crack tip and back specimen surface 

would elevate measured fracture toughness values. To this end, specimens ACL-1 and 

ACL-2 were fabricated with a crack length to specimen depth (a/W) ratio of 0.27 and 

an uncracked ligament length of 1.5 inches (3,81 cm) as compared to (a/W) ratios 

and ligament lengths of 0.55 and 0.9 Inches (2.29 cm) for other CT specimens. The 

resulting data is plotted in Figure 6-12 where it can be seen that the data points fell above 

those obtained from CT specimens with (a/W) 0.55, but still below the SENB, SENT 

and SF data points. Since crack lengths in specimens ACL-1 and ACL-2 were less than 

2 

2.5 (K^/ a ) it is possible that the increase in fracture toughness values for these 
specimens was due in part to insufficient crack length rather than increase in uncracked 
ligament length. It should also be noted again that diameter and spacing of loading 
holes in the CT specimens were different from comparable dimensions in specimens used 
in round robin evaluations of the CT specimen prior to the release of Reference 18. 

Since stress intensity in CT specimens is very sensitive to boundary conditions, there is 
a possibility that the loading method used in these tests did not satisfy the boundary 
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condifions assumed in the stress intensity analyses of the CT specimen. At this time, 
discrepancies noted in the test program between K|^ values obtained from tests of CT 
specimens and Kj values obtained from tests of SENB and SENT specimens cannot 
be explained. 


Plane strain fracture toughness data for the 5AI -2, 5Sn(ELI) titanium alloy show a 
considerable degree of scatter and some disagreement between through-cracked and 
surface cracked specimen data at -320^F (78^K), The scatter band shown in the 
upper part of Figure 6-12 was drawn for illustrative purposes and includes all -423^F 
(20^K) data at all but SF data at -320 F (78^K). The SENB, SENT and CT data 
indicate little change in fracture toughness between -320^F (78^K) and -423^F 
(20\). Other reported SENB data (5) have shown a higher toughness at -320^F 

(78^K) than at -423^F (20^K) for the RT direction. The values obtained at 

o o ^ 

72 F (295 K) from inadequately sized specimens are considerably less than previously 

reported (1, 5) room temperature plane strain fracture toughness values in excess of 

100 ksi -\ATn (110 MN/m^^^). At -423^F (20^K) fracture toughness values for two 

SENT, one SENB, one CT and three SF specimens are in good agreement. At -320^F 

(78^K), the SF data fell above the scatter band enclosing the SENT, SENB and CT data. 

The possibility that disagreement between -320*^F (78^K) SF and through -cracked speci- 
men data for the 5AI -2. 5Sn(ELI) titanium alloy was due to inadequate crack depths In 
the SF specimens was examined. In SF specimens, both crack depth (a) and distance 

between the crack tip and back specimen face (t - a) must be sufficiently large multiples 

2 

of (Kj^/ In order to ensure that is the controlling mechanical parameter in 

the fracturing process. Data in the following section of this report show that 5AI-2.5 
Sn(ELI) titanium SF specimens yield essentially constant values of at -320^F (78^K) 
and -423°F (20^K) when both ‘a* and (t - a) exceed 0.5 (K,^/ o )^. In these tests, 

2 y' 

*a* and (t - a) values exceeded 0.5 (K,-/ O ) in all -320^F (78®K) specimens and 

It ys 

so it was concluded that increases in crack depth and specimen dimensions would probably 
not have resulted in better agreement between the SF and through -cracked specimen data 
for the 5AI -2. 5Sn(ELI) titanium alloy at -320^F (78^K). 

The significant change in fracture toughness values between -423^F (20 K) and -320 F 
(78°K) for the titanium alloy SF specimens suggests that a fracture mode transition may 
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have occurred between the two test temperatures. Other evidence of a change 
in plane strain fracture behavior in 5AI -2. 5Sn(ELI) titanium alloy between -423^F 
(20^K) and -320^F (78^K) was reported in Reference 1 where it was observed that 
surface -flawed cylindrical tanks failed at -<320^F (78^K) by splitting open, whereas 
tanks failed at -423^F (20^K) by complete shattering of the vessel. It was also noted 
that areas of fatigue induced flaw growth in 5AI-2.5Sn(ELI) surface -flawed specimens 
and cylindrical tanks were characterized by fatigue striations at -320^F (78 K) but 
were completely devoid of striations at -423^F (20^K) . In contrast to SF specimens, 
through -the -thickness cracked specimens yielded no evidence of differences in fracture 
behavior between -423^F (20^K) and -320^F (78^K), Since the crack planes in all 
through-cracked specimens were subjected to significant bending stresses whereas crack 
planes in SF specimens are subjected primarily to tensile -stresses, there is a possibility 
that differences in titanium alloy -\320^F (78°K) fracture toughness data are related to 
bending stresses. To date, no effort has been made to evaluate this possibility. 

6.2.2 Surface -Flawed Specimen Thickness Effects 

Tables 6-6 through 6-11 contain fracture stress, flaw dimensions, and specimen dimen- 
sions for all test specimens. Data for the 2219-T87 aluminum alloy specimens tested 
at 72^F (295^K), ^20^F (78^K) and -423^F (20^K) are summarized in Tables 6-6, 

6-7 and 6-8 respectively. The six 5AI-2.5Sn(ELI) titanium specimens listed in Table 
6-9 were tested in the mill annealed condition. The resulting fracture faces were 
exceptionally jagged and contained no areas of flat fracture. The microstructure of 
these specimens is illustrated in Figure 3-2. The titanium specimens listed in Tables 
6-10 and 6-11 were tested at -320 F (78 K) and -423^F (20^K) after having been 
annealed at 1550^F (1117^K) for 8 hours to improve the microstructure. 

Fracture data for 2219-T87 aluminum and 5Al -2. 5Sn(ELl) titanium alloy SF specimens 
of varied thickness are plotted in Figures 6-14 and 6-15 respectively. Data are plotted 
for all tests in which flaw depth to specimen thickness ratios were less than one -half. 
Apparent fracture toughness values were calculated by substituting gross failure 

stress and initial flaw parameters in Equation 2-2 ( <f> = 90^) and plotted as a function 
of specimen thickness. Specimen thickness is given both in inches and In multiples of 
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(K.p/ O ) where K._ is the average fracture toughness value obtained from the 

thickest test specimens. For purposes of comparison, data obtained from surface- 

flawed specimens tested in the specimen configuration effect tests are represented in 

Figures 6-14 and 6-15 by solid circles. The data plots show that consistent fracture 

toughness values were obtained for all material/environment combinations from speci- 

2 

mens thicker than about 1.0 ) . 

Ic ys 


Flaw growth prior to specimen fracture was observed only during room temperature 

tests of the thinnest surface-flawed specimens. In 0.125 inch (0.138 cm) thick 

aluminum specimens containing flaws with a/2c = 0.25 and a/t = 0.8, the flaws were 

observed to growth through the specimen thickness prior to the onset of unstable flaw 

propagation. In Specimen 3A3R-2 (Table 6-6), the flaw penetrated the specimen 

2 

thickness at a gross stress level of 46.5 ksi (320.6 MN/m ). Applied load was then 

held constant for five minutes while the flaw was observed through a magnifying glass. 

No flaw growth could be detected under constant load. The load was then increased 

2 

until the specimen failed at 50.5 ksi (348.2 MN/m ). In specimen 3A3R-1, (Table 

6-6), the flaw penetrated the specimen thickness at a gross stress level of 50.9 ksi 

2 

(351.0 MN/m ). The stress was then held constant for twenty seconds during which 
time the flaw grew sufficiently to result in failure of the specimen. In 0.125 inch 
(0.318 cm) thick aluminum specimens containing flaws with a/2c = 0.10 and a/t = 0.70, 
i.e., 3A1R-1 and -2, a slight amount of dimpling was observed on the back specimen 
face opposite the flaw tip. However, the flaw did not penetrate the specimen thickness 
prior to failure. Specimens tested at -320°F (78°K) and -423°F (20°K) were complete- 
ly submerged in the test media and could not be visually monitored. However, there 
was indirect evidence that flaws in the 0.02 inch (0.051 cm) thick titanium specimens 
tested at -423°F (20°K) grew through the specimen thickness at loads less than the 
fracture load. While loading at a constant rate of head travel, a reasonably abrupt 
interruption in the rate of load increase was noted at a load less than the failure load, 
after which the test specimen became more compliant. The observed change in load 
rate behavior probably occurred when the flaw grew through the specimen thickness. 
Other -423°F (20°K) test data have been published (3) for 0.02 inch (0.051 cm) 
thick 5A1-2. 5Sn(ELl) titanium surface -flawed specimens that indicate surface flaws 
deeper than 60 percent of the specimen thickness can be expected to growth through 
the specimen thickness at loads less than the failure load. 
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The effect of flaw shape on Kj^ values was small. There was a slight tendency 
for specimens containing flaws with a/2c = 0.10 to yield smaller values than 
specimens containing flaws with a/2c = 0.25. This trend is in agreement with a 
stress intensity analysis for surface -flawed specimens (15) that shows for constant 
a/t, the ratio of applied stress intensity to load increases moderately for decreasing 
a/2c. Since Equation (1) does not account for this effect, there appeared to be a 
small effect of a/2c on values in the test results as seen in Figures 6-14 and 
6-15. 


The data in Figures 6-14 and 6-15 can be used to draw some conclusions with respect 

to crack depth and specimen thickness requirements for 2219-T87 aluminum and 

5AI -2. 5Sn(ELI) titanium surface -flawed specimens. Most of the data were developed 

by testing specimens with a/t — 0.5. Since consistent fracture toughness values 

2 

were obtained for specimens thicker than about 1.0 (Kj^/ O ^) , it is concluded that 

a characteristic fracture toughness value (K|^) can be used to predict fracture strength 

of surface -flawed structure for which both crack depth and depth of ligament between 

2 

the flaw tip and back specimen face are greater than 0.5 (Kj^/ O^) . In four of 

five material/environment combinations tested, the characteristic fracture toughness 

had a numerical value that was in agreement with Kj values determined according to 

Reference 18 requirements. The excepted material/environment combination is 5AI-2.5 

Sn(ELI) titanium/LN., for which K, values were less than K.^ values determined from 

^ Ic Ic 

SF tests. 


6.3 SUMMARY AND RECOMMENDATION 

This experimental program provides the first comparison between plane strain fracture 
toughness data obtained from tests of both surface -flawed and through -cracked fracture 
specimens for a single direction of crack propagation. Good agreement was obtained 
between fracture toughness data derived from tests of 2219-T87 aluminum surface- 
flawed (SF), single-edge-notched-bend (SENB), and single-edge-notched-tension (SENT) 
specimens at 72°F (295°K), -320°F (78°K) and -423°F (20°K). However, fracture 
toughness values derived from tests of 2219-T87 aluminum compact tension (CT) speci- 
mens were consistently lower than the other aluminum alloy data. Similar tests of 
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5AI -2. 5Sn(ELI) titanium SF, SENB, SENT and CT specimens yielded fracture 
toughness data that showed reasonable agreement at -423°F (20°K); however, at 
-320°F (78°K) fracture toughness data from tests of SF specimens were higher than 
data obtained from tests of SENB, SENT and CT specimens. 

Fracture tests of 2219-T87 aluminum and 5AI -2. 5Sn(ELI) titanium SF specimens in 
which specimen thickness was varied yielded consistent fracture toughness values for 
specimens in which both flaw depth and distance between the flaw tip and back 
specimen face exceeded 0.5 (Kj^/ (j ^ , and flaw depth was approximately 50 
percent of the specimen thickness. The fracture toughness values were in good 
agreement with plane strain fracture toughness data determined from tests of SENB 
and SENT specimens for 2219-T87 aluminum at 72°F (295°K), -320°F (78°K) and 
-423°F (20°K), and from tests of SENB, SENT, and CT specimens for 5AI -2. 5Sn(ELI) 
titanium tested at -423°F (20 K). For 5AI -2. 5Sn(ELI) titanium at -320°F (78°K) 
fracture toughness values from tests of SF specimens were greater than plane strain 
fracture toughness values determined from tests of SENB, SENT and CT specimens. 

These tests show that fracture toughness values from tests of specimens designed to 
yield plane strain fracture toughness can vary with specimen configuration. Conse- 
quently, it is recommended that fracture toughness data for use in design applications 
be developed using specimen configurations that simulate potential failure origins. 

For example, part-through cracks are best simulated by surface -flawed specimens 
and through -the -thickness cracks by specimens containing through-the-thickness 
cracks. 
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7.0 FRACTURE AT FLAWS IN RESIDUAL STRESS FIELDS 


Crack growth in residual stress fields is a problem of considerable practical 
significance. For example, fusion welds are a common source of both crack- 
like defects and residual stresses. Hence, potential detrimental effects of 
residual stresses on subcritical crack growth and crack stability must be 
quantitatively understood so that better estimates of quality requirements and 
service performance can be made for welded aerospace structure. This experi- 
mental program was undertaken to study the effects of weld -induced residual 
stresses on crack stability In 2219-T87 aluminum and 5AI-2 .5Sn(ELI) titanium 
alloys. Both static fracture and fatigue tests were conducted on specimens 
containing surface flaws in residual stress fields. Static fracture tests are 
summarized in Table 7-1 and 7-2 and fatigue tests are summarized in Table 7-3. 
Prior to initiation of the test programs, a literature review was undertaken to 
collect existing knowledge on the effect of residual stresses on fracture and crack 
growth in metallic structures. The resulting information is summarized in 
Section 7-1 . A method for quantitatively evaluating residual stress effects on 
flaw stability was then selected as described in Section 7.2. The method was 
evaluated using results of the experimental program for which procedures are 
described in Section 7.3 and results are presented and interpreted in Section 7.4. 

7.1 BACKGROUND 

Previous investigations dealing with residual stresses have been directed to: 

(1) measurement of magnitudes and distributions of residual stresses in welds; 

(2) determination of effects of weld-induced residual stresses on brittle fracture 
characteristics of welded specimens; and (3) development of methods for 
calculating magnitudes and distributions of weld-induced residual stresses. 

Considerable information has been collected concerning magnitudes and distribu- 
tions of residual stresses at butt welds in mild steel alloys. A typical residual 
stress pattern (19) for flat butt welded steel plates is schematically Illustrated 
in Figure 7-1 where it can be seen that the maximum residual stress is tensile 
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and acts parallel to the weld axis. In carbon steel weldments, the maximum 
tensile residual stresses are usually as high as the yield stress of the weld metal. 

In high strength steel weldments, the maximum residual stress Is usually less than 
the weld metal yield strength. A limited amount of residual stress data has been 
developed for welds in aluminum and titanium alloys (20 through 24), Distributions 
of residual stress in an aluminum and titanium alloy are pictured in Figures 7-2 
and 7-3 respectively. In aluminum alloys, the weld metal yield strength is often 
less than the parent metal yield strength and the longitudinal tensile residual 
stresses are maximum in the heat affected zone rather than at the weld centerline. 

Most experiments undertaken to determine effects of weld residual stresses on 
brittle fracture of weldments have been performed on mild steel alloy specimens. 
Fracture of steel weldments under low applied stress has been demonstrated by 
several Investigators (25 through 28). Tests are usually conducted at low temper- 
atures on specimens consisting of pairs of rectangular plates joined by butt welding 
after placing saw cut notches In the prepared edges. The general trend of results 
derived from such tests has been diagrammetricaily summarized by Kihara and 
Masubuchi (29) as illustrated in Figure 7-4. Smooth unnotched specimens fracture at 
the ultimate strength of the material at the appropriate temperature as illustrated by 
curve PQR. Sharply notched specimens containing no residual stress fail at stresses 
indicated by curve PQST. At temperatures in excess of the transition temperature 
(Tp, a shear fracture occurs at stress levels in excess of the yield strength. At 
temperatures below T^ fracture results at stress levels near the yield strength of the 
material. Specimens containing notches located in high tensile residual stress fields 
can fracture in one of three different manners. At temperatures greater than T^., 
fracture occurs at the ultimate strength of the material and residual stresses have no 
effect on fracture stress. At temperatures lower than T^. but higher than the crack 
arresting temperature (T^)/ crack propagation may initiate at low stress levels and 
then arrest after propagating a short distance. Fracture initiation is influenced by 
both local damage to the material at the notch tip and residual stresses whereas 
subsequent crack propagation is influenced primarily by residual stresses. At tempera- 
tures lower than T^, the fracture behavior is dependent on the stress level at which 
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crack propagation initiates. If the initiation stress is below the curve VW, the 
crack will arrest after propagating a short distance. Complete fracture will then 
occur at or near the yield stress of the material. If the initiation stress is above 
the curve VW, complete fracture occurs without any further increase in stress level. 

Wide steel plate brittle fracture tests conducted by Hall, et al., (28), have shown 
that propagating cracks can be arrested by residual compressive stresses. Machined 
notches in the sides of the plate specimens were filled with weld metal to gen- 
erate residual tensile stresses at the edges of the plate and residual compressive 
stresses in the central region. The specimens were subjected to small tensile stresses 
in a test machine, and crack propagation was initiated by impacting a wedge 
inserted into a starter notch in the tensile residual stress field at the edge of the 
specimen. It was observed that after the tip of the propagating crack entered the 
residual compressive stress field, the rate of crack propagation decelerated until 
the crack arrested. It was also noted that the minimum applied load at which 
crack propagation could be initiated was significantly less than that required for 
test specimens in which the starter notch was not located in a residual tensile 
stress field. 

Both mechanical and thermal stress relieving have been used to increase the fracture 
strength of notched and welded steel plate specimens. Wells (25) and Kihara (29) 
have both demonstrated that the effect of a prior prestress at temperatures above 
the transition temperature is to elevate subsequent low temperature fracture strengths 
to stress levels equal to or greater than the prestress. This increase in strength has 
been attributed to a reduction in residual stress due to mechanical stress relief. 
Greene (31) and Kennedy (32) have shown that fracture strengths of notched and 
welded steel specimens could be significantly elevated by a furnace stress relief at 
1200°F (922°K). The beneficial effect of the thermal stress relief has been attri- 
buted (33) to the combined effects of lowered residual stresses and reduction in 
embrittlement at the tip of the prepared notches. 

Tests designed to determine the effect of residual s.tresses on crack growth in 
titanium alloys 6AI-4V, SAl-lMo-lV, and 5AI-2.5Sn have been reported by 
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Robelotto et al., (24). Through-the-thickness fatigue cracks were propagated 
through the longitudinal residual compressive stress field adjacent to longitudin- 
ally oriented welds. It was observed that fatigue crack growth rates were 
significantly less when the crack tip was located in a residual compressive stress 
field than when the crack tip was located in a stress field free of residual 
stresses . 

Wells (33), Boyd (34), and Masubuchi (35) have applied fracture mechanics 
to the study of the effects of residual stress on fracture of notched weldments. 

In the most recent analysis by Wells (33), the combined effect of residual and 
load stresses on stress intensity were calculated for centrally cracked specimens 
containing a longitudinally oriented butt weld at the center of the specimen 
(Figure 7-5a). The contributions to stress intensity from applied stress (Kp ) 
and residual stress (KJ were calculated from the formulae 



where 'a' is the half crack length, W is plate width, <Tp is applied stress, 
and On is residual stress. Calculations were made for fixed grip conditions 
and the resultant decrease in a with increase in crack length was taken into 
account. Typical stress intensity versus crack length curves are shown in 
Figure 7-5b . Individual curves are shown for residual stress only, for an applied 
stress of 10 ksi and for combined applied and residual stress. For applied stress 
levels less than about 10 ksi and half crack lengths between about 2 and 10 inches 
(4.9 and 25 cm), the total applied stress intensity tends to decrease with 
increasing crack length. This result is consistent with the experimental observations 
that cracks initiating from butt welds at very low stress levels tend to arrest after 
propagating short distances. 

In summary, the foregoing information from the literature shows that: 
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1 . 


We Id -induced residual stresses affect fracture strength and fatigue crack 
growth rates for precracked test specimens, 

2, Thermal and mechanical stress relief treatments can increase fracture 
strength of flawed weldments through lowering residual tensile stress 
levels. 

3. Fracture mechanics theory can be used to assess potential effects of 
residual stresses on growth of crack-like defects In weldments. 

7.2 ANALYSIS 

In the following analysis, the stress intensity factor defined by linear elastic 
fracture mechanics will be used to superpose the effects of applied and residual 
stress on stability of cracks. Stress intensity is related to both applied stress 
and relative displacement of the crack surfaces and appears to be the most 
attractive parameter with which to correlate effects of both residual and applied 
stress on crack stability. 

Quantitative analyses of potential residual stress effects on fracture of welded 
structure must account for several variables including: material properties (yield 
and ultimate strength, fracture toughness, strain rate sensitivity), metallurgical 
conditions (strain aging effects, cooling rate effects), and residual stresses (magni- 
tude and distribution). The roles of the above variables in stability analyses 
of cracks is illustrated by the following qualitative analysis of the structure shown 
in Figure 7-6o in which a butt weld is located at the center of an infinitely wide 
plate. The plate is subjected to a fixed stress acting parallel to the butt weld. 

If a through-the -thickness crack propagates as shown, stress intensity at the crack tip 
due to applied and residual stress is related to crack length by the following 
expressions: 
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where K.^ and K,„ are stress intensity factors due to applied stress ( O „) and 
I r I K r 

residual stress ( oj. Figure 7-6b schematically illustrates typical distributions 

of K|p and Kjp for the through cracked butt welded structure shown in Figure 

7-6a. Figure 7-6b also includes curves depicting stress intensity levels required 

to initiate unstable crack propagation (K ), and stress intensity levels at which 

cr 

unstable crack propagation could be expected to arrest variations 

in K and K illustrate possible differences in properties between the cast 
cr ar 

weld metal (WM), wought plate material (PM)/ and heat-affected zone (HAZ) 

which is subjected to variable maximum temperatures and cooling rates during the 

welding process. In strain rate sensitive materials, K is usually less than K . 

ar cr 

Testing of precracked specimens has shown that fracture originates when stress 
intensity at the crack tip reaches the critical stress intensity value for the particu- 
lar material and thickness used in the tests. Hence, the failure criterion is: 




If the butt welded plate shown in Figure 7-6a is loaded at a constant rate to a 

maximum applied stress of (T^, fracture characteristics are dependent on initial 

crack length and relative magnitudes of K , K and K.^ where K,_ = K,„ + K,_. 

cr ar IT IT IR IP 

If K|-j- .'s less than at rapid crack propagation would not be expected to 

initiate, if Kj.j. reaches at a stress level less than a^, rapid crack propagation 

would initiate during loading. If rapid crack propagation does initiate, one of 

three possible crack propagation modes will occur: (1) if the Kj.j. curve lies above 

the curve for all crack lengths in excess of the initial value, crack propagation 

will not arrest; (2) if the K,,. curve crosses and drops below the K curve, crack 

IT ar 
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propagation will arrest at a crack length of a^ , as illustrated in Figure 7-6b . 

If crack arrest occurs at or near a , K.,. could remain less than K for applied 

stresses equal to or less than and no further crack propagation would ensue; 

(3) if applied stress is increased a sufficient amount after crack arrest, then K|^ 
could be increased to the level and rapid crack propagation would once again 

initiate. All of the foregoing fracture characteristics have been observed in tests 
of center-cracked butt welded steel plates as noted in Section 7.1. 

The foregoing analysis can be extended to include surface or internal defects as 
potential failure origins. Such an analyses would change the characteristics of 
the K|.j. curve in Figure 7-6b but would not alter the conclusions resulting from 
this analysis. 

In summary, it appears that effects of residual stresses on crack stability and 
subcritical crack growth can be estimated by accounting for the effects of stress 
intensity due to both applied and residual stresses. Stress intensity due to residual 
stresses can be calculated by solving the stress problem in which stresses equal and 
opposite to residual stresses that would have existed at the crack locus in an 
uncracked structure are applied to the crack surfaces- In practice, residual stress 
magnitudes and distributions are not usually precisely known and so potential 
effects of residual stresses on crack stability will have to be estimated. However, 
it is better to make reasonable estimates than to ignore the problem completely. 

The foregoing conclusions will now be evaluated in light of results from the 
following test program. 

7.3 TEST PROGRAM AND PROCEDURES 

An experimental program was undertaken to investigate the effects of weld-induced 
residual stresses on flaw growth in 5AI-2 .5Sn(ELI) titanium and 2219-T87 aluminum 
alloys. Residual stress effects on both fracture initiation under monotonically 
increasing loads, and on flaw growth rates under cyclically varying loads were 
studied. Static fracture tests and cyclic loading tests are discussed separately in 
the following two sub-sections. 
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7.3.1 Static Fracture Tests 


Test programs for studying effects of residual stresses on fracture initiations in 
5AI-2.5Sn(ELI) titanium and 2219-T87 aluminum are summarized in Tables 7-1 
and 7-2 respectively. Each program was divided into three series of tests. 

Test Series I for the titanium alloy was designed to investigate the effects of 
residual stresses on fracture initiation at embedded flaws in GTA welds. Surface- 
flawed test specimens were fabricated as shown in Figure 7-7. Specimens were 
machined from GTA welded panels and stress relieved using a 1300°F (978°K) 

- one hour retort cool thermal cycle. Weld procedures are included in 
Appendix A. Surface-flaws were placed at the GTA weld centerline with the 
flaw plane parallel to the weld axis. Two different flaw depth-to-thickness 
ratios were tested in an attempt to effect fractures at gross stress levels both 
slightly below, and well below the uniaxial yield stress of the weld metal. 

Subsequent to flaw preparation, specimens were electron beam (EB) welded as 
shown in Figures 7-7 and 7-8 to generate residual stresses at the flaw location. 

Gage area widths were then reduced from 6 to 4 inches (15.2 to 10.2 cm) for 
the specimens containing circular EB welds, and from 9 to 6 inches (22.9 to 
15.2 cm) for specimens containing the linear EB welds in the flaw plane. 

Residual stress measurements were made using 6 inch by 12 inch (15.2 by 30.5 cm) 

test panels fabricated using procedures identical to those used In fabricating 

Series I test specimens. Measurements were made using the hole drilling 

compliance technique (35) in which measurements are made of strain relaxation 

resulting from drilling a flat bottomed hole in successive increments at the 

location where residual stresses are to be measured. The center of the 0.125 Inch 

(3.18 mm) diameter drill hole coincided with the intersection of center lines 

drawn longitudinally through two mutually perpendicular strain gages positioned 

such that their active grid edges were located 5/32 - 0.010 inch (4 - .25 mm) 

from the hole center. Incremental strain gage readings were read from an Automatron 

Industries Model P-350 strain indicator during interruptions in drilling. Readings 

were taken after each 0.005-inch (0.13 mm) increment up to a depth of 0.050 inch 

(1.27 mm) and after each 0.010-inch (0.25 mm) Increment thereafter. Holes were 
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drilled from only one side of each panel and it was assumed that the residual 

stress distributions were symmetrical with respect to mid-plane of the panel. The 

resultant distributions of calculated residual stress are illustrated in Figure 7-9. 

The transverse residual stresses in the stress relieved weld were less than 2 ksi 

2 

(13.8 MN/m ) except over a 0.02-inch (5 mm) layer next to the panel surface 

2 

where the stresses increased to about 6.5 ksi (44.8 MN/m ). In the panels with 

2 

the circular EB welds, transverse and longitudinal stresses of 19 ksi (131 MN/m ) 

were measured. In the panels with the linear EB welds, peak transverse residual 

2 

stresses of about 29, ksi (200 MN/m ) were measured. It was concluded that, at 

the flaw location in the test specimens, the circular EB welds generated transverse 

2 

tensile residual stresses of about 17 ksi (117 MN/m ), and the linear EB welds 

2 

induced residual compressive stresses of about -30 ksi (-207 MN/m ). 

Test series II for the 5AI-2.5Sn(ELI) titanium alloy was very similar to test series I 
except that the surface flaws were located in base metal rather than weld metal. 
Residual stresses generated at the flaw location in Series II specimens were taken 
to be the same as those measured for the Series I specimens. 

Titanium test series III was designed to investigate the effects of longitudinal 

weld residual stresses on fracture initiation at surface flaws oriented perpendicular 

to the longitudinal weld axis. ‘ Surface-flawed test specimens were prepared as 

shown in Figure 7-10. After each specimen was machined to the configuration shown, 

a two pass GTAweld was deposited without edge preparation. One pass was laid 

from each side of the specimen with the first pass penetrating to 100 percent of 

the specimen thickness, and the second pass penetrating to 90 percent of the 

specimen thickness. The weld beads were ground flush in the specimen gage areas. 

Weld procedures are included in Appendix A. The magnitude of longitudinal weld 

residual stresses in each specimen was controlled by subjecting test specimens to 

different thermal cycles. Maximum residual stresses were obtained by leaving 

specimens in the as-welded condition. A 1000°F (811°K) 4 hour retort cool 

thermal cycle was used to partially relieve residual stresses in some specimens. 

Other specimens were fully stress relieved using a 1300°F (978°K) one hour retort 

cool thermal cycle. Surface flaws were introduced at the geometric center of 
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the test specimens after application of the required thermal cycle. Flaw planes 
were oriented perpendicular to the longitudinal weld axis. Cyclic stress used 
to fatigue extend EDM starter notches was kept sufficiently low so that the sum 
of cyclic and residual stress was less than the weld metal uniaxial yield stress. 

Residual stress measurements were made at the geometric center of one as-welded. 

one partially stress relieved, and one fully stress relieved weld panel using the 

hole drilling compliance technique. The measured distributions of residual stress 

are included in Figure 7-11. Residual stress levels were reasonably constant up 

to a depth of 0.07 inch (1.78 mm). The peak longitudinal stress for the as- 

welded condition was 70 ksi (483 MN/m^). The thermal cycle of 1000°F (811°K) 

2 

for 4 hours reduced the peak longitudinal stress to 24 ksi (165 MN/m ). The 

thermal cycle of 1300°F (978°K) for one hour completely stress relieved the weld 

2 

and reduced the peak tensile longitudinal stress to 0.4 ksi (3 MN/m ). 

Test Series I and II for the 2219-T87 aluminum alloy were Identical to Series I 
and II for the titanium alloy except for necessary changes in weld procedures, 
specimen dimensions and flaw sizes. Test specimens were prepared using the 
configuration and production sequences summarized in Figure 7-7. In Series I 
specimens, flaws were located at the GTA weld centerline. In Series II specimens, 
the weld was omitted and flaws were located in base metal. Details of the EB 
welding used to generate the residual stresses are included in Figure 7-12. 

Residual stress measurements made in 8-inch (20.3 cm) square test panels 
fabricated using procedures Identical to those employed in fabricating specimens 
for the Series I aluminum alloy tests are summarized In Figures 7-13 and 7-14. 

Test Series III for the 2219-T87 aluminum alloy was undertaken to Investigate the 
effects of residual stress on failure initiation at internal -lack-of-fuslon flaws in 
GTA welds. Test specimens were cut from one-inch (2.5 cm) thick weld panels prepared 
according to Figure 7-15. First, weld parameters were developed to produce full 
penetration two-pass square butt weld. When the panels were welded, the current 
required for complete penetration was manually reduced over 3.5 inches (8.9 cm) 
lengths in order to produce the lack of fusion defects. Details of the welding 
procedure are included in Appendix A. A typical Internal flaw is Illustrated 
in Figure 7-15. ^ 



Residual stress levels af the location of the internal flaw were varied through 
using EB welding as was done for the Series I and II tests. EB welding details 
are included in Figure 7-16. No residual stress measurements were made for 
the internally flawed specimens. 

7.3.2 Fatigue Tests 

The test program for studying effects of tensile residual stresses on cyclic flaw 
growth rates is summarized in Table 7-3. Surface-flawed specimens containing 
flaws located in base metal at the center of a circular EB weld were cycled 
at three different temperatures; ambient, -320°F (78°K), and -423°F (20°K). 
Fabrication procedures were identical to those used for manufacturing Series II 
test specimens in the static fracture test programs. 

7.4 DESCRIPTION AND INTERPRETATION OF RESULTS 

7.4.1 Titanium Alloy Static Fracture Tests 

Failure stress, flaw dimensions and specimen dimensions for each 5AI-2 .5Sn(ELI) 
titanium test specimen are listed In Tables 7-4, 7-5 and 7-6. Each table 
contains data for a given test series. Relationships between gross applied stress 
at fracture and residual stress at the flaw location are Included in Figures 7-17 
and 7-18. 

The test data show that residual stresses can have a significant effect on fracture 
strength of surface-flawed specimens. This is most strongly evidenced by the test 
data for Series I and II specimens shown in Figure 7-17. For specimens 
containing flaws with (a/t) greater than 50 percent, the applied stress required 
to fracture the specimen Increased with decrease in residual stress in such a way 
that the sum of applied and residual stress at fracture was reasonably constant for 
all specimens. For specimens containing flaws with (a/t) less than 50 percent, 
the applied stress required to fracture the specimens increased with decreasing 
residual stress until the applied stress reached the yield stress of the flawed 
material. Further reduction of residual stress had no effect on failure stress. 
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Since the spread between yield and ultimate strength is small for both titanium 
alloy parent metal and weld metal, it is not possible to obtain fracture stresses 
much in excess of yield stress, particularly in the presence of flaws. 

A review of the data in Figure 7-18 for titanium alloy Test Series III led to 
the speculation that thermal cycles used to vary residual stress levels also effected 
changes in fracture toughness of the titanium welds. To evaluate this possibility, 
six single-edge-notched-tension (SENT) specimens were prepared and tested. 

Specimens were precracked along the weld centerline as shown in Figure 7-19. 

Two specimens were subjected to a 1300°F (978°K)/one hour/retort cool thermal 
cycle; two other specimens were subjected to a 1000°F (8ll°K)/^ houi^retort cool 
thermal cycle; two additional specimens were left in the as-welded condition. 

All specimens were instrumented with a clip gage and fractured at -320°F (78°K). 
Test results are summarized in Table 7-7 and redrawn load-displacement records 
are included in Figure 7-20. Pq loads correspond to points at which a 5 percent 
secant offset intersects the test record and Kq values were calculated by substituting 
Pq loads into the SENT stress intensity formula included in Figure 6-6. It is 
evident that both the 1300°F (978°K) and 1000°F (811°K) thermal cycles decreased 
the fracture toughness of the welds. The 1000°F (811°K) thermal cycle was 
particularly detrimental . 

Test results were used to evaluate the validity of a failure criterion for surface 
flaws subjected to combined applied and residual stresses. The criterion was based 
on the assumption that failure would occur when 

K„+K,p = (7-1) 


where K|j^ and Kjp are stress intensities corresponding to residual stress ( a^) and 

load stress ( On), and K is the critical stress intensity or fracture toughness of 
r cr 

the flawed material. Stress intensities due to residual stresses were calculated 
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using Equaflon 2-2 with O = O . This procedure is strictly applicable when 
residual stress that would have existed at the flaw location in the absence of 
the flaw are uniform over the entire area occupied by the flaw, and the presence 
of the flaw does not perturb the source of residual and/or applied stresses. It is 
believed that both of these conditions were satisfied by Series I and II titanium 
alloy specimens. These specimens were designed so that the source of residual 
stresses (the EB welds) were several crack dimensions away from the surface crack. 
Hence, residual stresses were undoubtedly reasonably uniform at the crack area 
and local deformations due to the presence of the crack had a negligibly small 
effect on the incompatible strains in the EB weld. In Series II titanium alloy 
test specimens, a was taken to be uniform over the crack surface and equal 
to the peak value measured at the weld centerline. Since the distribution of 
longitudinal residual stresses in Series III specimens was similar to that illustrated 
in Figure 7-3 and flaw length was equal to a slightly greater than weld bead 
width, this procedure probably resulted in small over-estimates of Kjj^ for Series III 
specimens. 

Previous tests (1,3) have shown that fracture toughness of 5AI-2 .5Sn(ELI) titanium 
alloy surface-flawed specimens is reasonably constant for failure stresses less than 
about 90 percent of the uniaxial yield strength. In Series I and II titanium alloy 
tests, specimens containing flaws with a/t less than 50 percent failed at stress 
levels (applied plus residual) greater than 90 percent of yield strength and specimens 
containing flaws with a/t greater than 50 percent failed at stress levels less than 
90 percent of yield strength. Hence, only results obtained from tests of specimens 
with similar flaw sizes were directly compared. 


In Series I and II tests, K values listed in Tables 7-4 and 7-5 are in reasonable 

cr 

agreement for all "a/t > 0.5" specimens regardless of the residual stress level. 

For welds, K varied from 103 to 127 ksi (113 to 140 MN/m^^^). For base 


cr 


metal, ranged from 94 to 113 ksi -/in (103 to 124 MN/m^^^). If residual 

stresses are not accounted for in K calculations, i.e., if K is assumed to be equa 

cr cr 3/2 

to K.p, K values range from 86 to 154 ksi /in (95 to 169 MN/m ) for weld 

^ r— 3/2 

metal and from 81 to 136 ksi /T^ (89 to 149 MN/m ) for base metol. For 

"a/t < 0.5" specimens, K values were In reasonable agreement for all specimens 
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except those containing residual compressive stresses at the flaw location 

(RC-1, RC-2, RMC-1 and RMC-2). Since the excepted specimens failed at 

applied net stress levels at or above the uniaxial yield strength, residual stress 

had probably been mechanically relieved by yielding prior to failure to the 

extent that ^ 0 and » Kjp. This possibility is substantiated by the 

observation that Kjp values at failure for the excepted specimens were in good 

agreement with K values for all other specimens. Taking K = K,-. for 

specimen width residual compressive stresses, varied from 97 to 104 ksi VTn 

(107 to 114 MN/m^"^^) for weld metal and from 93 to 104 ksi Vin (102 to 114 
3/2 

MN/m ^ ) for base metal. As anticipated, values were moderately lower 
for "a/t < 0.5" specimens than for "a/t > 0.5" specimens. On the basis of 
the foregoing results, it was concluded that Equation 7-1 is a useful criterion 
for evaluating potential effects of residual stresses on stability of surface flaws 
in 5AI-2.5Sn(ELI) titanium base metal or weld metal. 


It was difficult to evaluate the applicability of Equation 7-1 to the Series III 
test specimens since both fracture toughness (K ) and residual stress ( O ) were 
simultaneously varied by specimen processing techniques. In an attempt to estimate 
fracture toughness for the various surface -flawed (SF) specimens, results of SENT 
specimen tests summarized in Table 7-7 were used. It was decided to base 
estimates of fracture toughness on SENT specimen failure loads rather than Pq 
loads since calculations of fracture stress for SF specimens relate to failure load. 

For specimens stress relieved at 1300°F (978°K) for one hours, SENT and SF 
specimens yielded average values of 69 and 89 ksi VTn (76 and 98 MN/m ' ) 
respectively. It was assumed that the ratio between fracture toughness for SF 
and SENT specimens subjected to as-welded and 1000°F (811°K) 4 hour thermal 
cycles was the same as that for the 1300°F (978°K) one hour thermal cycle, i.e., 
89/69 = 1.29. The resulting estimates of fracture toughness for SF specimens 
subjected to as-welded and 1000°F (811°K) four hour thermal cycles were 1.29 
(88) = 114 ksiVTT^ (125 MN/m^^^) and 1.29 (58) = 75 ksi VT^ (82 MN/m^^^). 

The estimated fracture toughness of 75 ksi VTn (82 MN/m ) for SF specimens 
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RLR-1 through -4 is in good agreement with values calculated using Equation 
7-1 and included in Table 7-6. This result indicates that Equation 7-1 properly account- 
ed for the effect of residual stress on fracture initiation in these tests. 


For the as-welded specimens, the sum of applied plus peak residual stress (70 ksi 
or 483 MN/m^ reached the weld metal yield strength of 184 ksi (1268 MN/m ) 

well before the specimens failed. For specimens RLT-1 and RLT-2, this behavior would 

3 f'l. 

be expected if the estimated fracture toughness of 114 ksiVin (125 MN/m ) is reasonably 

accurate since failure stresses calculated using Equation 2-2 and K.p = 114 ksi ^in are 

about 215 ksi (1490 MN/m ). Similar calculations of failure stress for specimens RLT-3 

2 

and RLT“4 yielded an estimated failure stress of 178 ksi (1227 MN/m ). Since the esti- 
mated peak residual stress level was 70 ksi, use of Equation 7-1 would lead to an estimated 

2 

applied stress at failure of (178-70) = 108 ksi (745 MN/m ) as compared to the actual failure 

2 

stresses of 130 and 140 ksi (896 and 965 MN/m ). Although actual fail ure stresses were 

higher than estimated values, they were significantly lower than failure stress estimated 

2 

without accounting for residual stress, i.e,, 178 ksi (1227 MN/m ). This discrep- 

2 

ancy is not surprising since the 70 ksi (483 MN/m ) is a peak residual stress value 
and some areas of the flaw were undoubtedly under the influence of residual stresses 
somewhat smaller than the peak value (see Figure 7-11). 


In summary, residual stresses were shown to have a significant effect on fracture stress of 
surface -flawed specimens fabricated from 5AI -2, 5Sn(ELI) titanium alloy. For specimens 
in which failure stresses were elastic, residual stresses at the flaw location changed the 
applied fracture stress by an amount equal to the residual stress. Tensile and compressive 
residual stresses respectively lowered and elevated applied fracture stress relative to 
residual -stress -free specimens. For specimens in which yield stress levels were reached 
prior to failure, residual stresses had a smaller effect on applied fracture stress, than 
in specimens in which no yielding occurred. Finally, it was found that the effect 
of residual stress on applied fracture stress of surface -flawed specimens could be 
quantitatively evaluated using Equation 7-1. 

The foregoing information leads to the conclusion that residual stresses should be 
taken into account In estimates of critical flaw sizes for peak proof test stress levels. 
Tensile residual stresses can reduce critical flaw sizes from those calculated for 
nominal stress fields and place more stringent requirements on sensitivity of non- 
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destructive inspection techniques required to avoid proof test failures. If the peak 
nominal proof stress levels are at or near the yield strength of the parent metal, mech- 
anical stress relieving should substantially reduce both the magnitude and effects of tensile 
residual stresses during subsequent loadings. If peak proof stress levels are significantly 
below the parent metal yield strength, tensile residual stresses may be unaffected by the 
proof overload and continue to reduce critical flaw sizes during subsequent operation 
of the structure. 

7.4.2 Aluminum Alloy Static Fracture Tests 

Test results for 2219-T87 aluminum Test Series I, II and III are included in Tables 7-8, 

7-9 and 7-10 respectively. The first group of specimens listed in each table were tested 
in either the as- rol led (base metal specimens) or as-welded (weld metal specimens) condi- 
tions to provide baseline data against which to compare data for specimens containing 
superimposed tensile or compressive residual stresses. Residual stress measurements were 
made only up to depths of 0.07-inch (1 .78 mm) from the specimen surfaces and the result- 
ing residual stress trends (shown in Figures 7-13 and 7-14) were not sufficiently well 
established to be reliably extrapolated to the interiors of the test specimens. Accordingly, 
the tables of results contain indications of relative residual stress levels thought to exist 
in the vicinity of the flaw prior to load application. 

Two Series I test specimens (RASR-1 and RASR-2) were instrumented with clip gages to 
obtain continuous recordings of load versus flaw-opening displacement at the centerline 
of the surface of each specimen. Since flaw-opening displacement is related to flaw size 
(6), the test records (shown in Figure 7-21) provide indicators of flaw size throughout each 
test. There was no evidence of an abrupt flaw size instability at loads less than the failure 
load and the test records began to exhibit considerable nonlinearity at loads above about 
80 kips (355 kN). Other unreported tests of surface -flawed 2219 welds have shown that 
under rising loads, flaw extension starts to occur at stress intensity levels above 12-15 
ksi (13 to 16 MN/m^^^). Stress intensity corresponding to the 80 kip (356 kN) load 
in these tests was about 12.5 ksi VTn (13.7 MN/m ' ) and so the nonlinearity of the test 
records is probably largely due to increase in flaw size with increasing load. Accordingly, 
values were not calculated for the 2219-T87 aluminum specimens subjected to com- 
bined load and residual stresses since flaw size at failure was uncertain. 
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The most significant results of the aluminum alloy tests can be summarized as follows: 

1. Methods used to generate residual compressive stresses had very little effect 
on failure stress of surface- and internally-flawed weld metal, and surface- 
flawed base metal. 

2. Methods used to generate residual tensile stresses had opposite effects on 

failure stress of welded and parent metal test specimens. For surface- and intern- 

2 

ally-flawed weld metal, failure stresses were lowered by 1 -7 ksi (28-48 MN/m ) 

or about 4 - 25%, In parent metal specimens, failure stresses were increased by 

2 

9 ksi (62 MN/m ) or about 28%, This increase was probably due to a redistribu- 
tion of load paths within the test specimen due to yielding of the circular EB weld. 
The EB weld had a lower yield strength than the surrounding parent metal and was 
subjected to yield stress levels at about 60 percent of the failure load. After 
yielding, the weld became more compliant than the surrounding base metal and 
diverted load away from the flaw location. 

Effects of residual stress on fracture of 2219-T87 aluminum flawed specimens could not 
be quantitatively evaluated for the following reasons: 

1. Magnitudes and distributions of residual stress In the interiors of the test speci- 
mens were uncertain. 

2, All specimens failed at net section stress levels in excess of the weld metal 
uniaxial yield stress. The resulting mechanical stress relieving and load path 
alterations could not be quantitatively evaluated. 

These tests show that for 2219 aluminum welds less than one Inch (2.5 cm) thick, very 

large flaws are required to effect fracture at stress levels below the weld metal yield 

strength. This result was most apparent in the as -welded internally flawed specimens that 

2 

contained flaw planes having an area of 9.25 square inches (552 cm ) and flaws with an 

2 , . . 

area of 2.5 square inches (40.3 cm and still failed at gross applied stress levels near 
the weld metal yield strength. It was also concluded that the initial loading of flawed 
2219 weld metal can result in significant amounts of flaw extension at stress levels consid- 
erably less than the failure stress. Any future evaluations of residual stress effects on 2219 
welds should be directed to Investigating the effect of residual stress on stress intensity 
level at which flaw growth initiates both during initial and subsequent loadings. 
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7.4.3 Titanium Alloy Fatigue Tests 


Test results and specimen details for 5AI-2 ,5Sn(ELI) titanium alloy SF specimens 

cycled under the influence of both applied and residual stresses are summarized 

in Table 7-11. Specimen configuration is shown in the upper part of Figure 7-8 

except that the GTA weld was omitted and the flaw was located at the center of 

the parent metal enclosed by the circular EB weld. The circular EB weld 

2 

generated a residual tensile stress of about 19 ksi (131 MN/m ) at the flaw 
location. Tests were conducted at 72^F (295^K) in room air, at -320°F (78^K) 
in liquid nitrogen, and at -423^F (20^K) in liquid hydrogen. Specimens cycled 
in room air were subjected to 1000 loading cycles and were then pulled to 
failure. Flaw peripheries both at the beginning and termination of the test were 
visible on the fracture surfaces. Specimens cycled in LN 2 and LH 2 were cycled 
to failure. Flaw peripheries existent at failure could not be detected and only 
initial flaw sizes are reported in Table 7-11. 


The fatigue data were evaluated using the following growth rate equation for 
surface flaws (11): 

d(a/Q)/dN = C( a /a (1 + X r ( A K)" (1 - K /K-J" (7-3) 

o max It 

where: 


C is a constant dependent on material and test variables; 

O is peak cyclic stress; 

is an arbitrarily chosen peak cyclic stress for which C is evaluated; 

^max stress intensity during a loading cycle; 

K . is minimum stress intensity corresponding to K ; 

A K is (K - K . ); 

max min 

X is K . / A K; 


mm 


m 


, n,p are experimentally evaluated 


Values of n = 4, m = 2, and p = -0.2 were found to be applicable to 6AI-4V(ELI) 
titanium surface -flawed specimens cycled in room air, LN 2 , and LH 2 (11), and 
were used to evaluate and compare the 5AI-2.5Sn(ELl) titanium results Included 
in Table 7-11 and Reference 1. 
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Values of C were calculaf-ed for each specimen in Table 7-11 using the assumption 

that residual and applied stresses were additive, i.e., K = K.^ + K,_ and 

max IR Ir 

K . = K,_. Since values of K.^ were not determined from the individual tests, 

mm IR IE « 

K|^ values of 120 ksi VTn (131.9 MN/m ), 94 ksi VTr7 (103.3 MN/m ), and 
62 ksi -/Til (68.1 MN/m^^^ were used in evaluating room air, LN« and LH„ data 


2 i« i-i 1 2 

T1 

reported fracture toughness data (1,5) for the 5Al -2. 5Sn(ELI) titanium alloy. K 


in Table 7-11. The value for room air tests was obtained from previously 


IE 


values for LN 2 and LH 2 tests were taken from Tables 7-5 and 6-1 1 , respectively. 

K|^ values reported for the 5AI -2. 5Sn(ELI) titanium, alloy tested in Reference 1 
were 120 ksi (131.9 MN/m^^^, 61 ksi (67.0 MN/m^^^) and 50 ksiV^n (55.0 
MN/m ) for room air, LN 2 and LH 2 environments respectively. Values of C 
both for data included in Table 7-11 and in Reference 1 are summarized in Table 
7-12, where it can be seen that C values for the Table 7-11 data were less than 
C values for Reference 1 data by factors ranging from two to six. However, the 
microstructure and fracture toughness of the 5AI -2. 5Sn(ELl) plate used for tests 
reported in Table 7-1 1 were considerably different from the same characteristics of 
the plate material tested in Reference 1. Hence, the discrepancy in C values was 
probably largely due to material differences rather than effects of residual stress. 

If residual stresses had not been accounted for in evaluating the data in Table 7-11, 
the discrepancies in C values would have been even larger. 


No conclusions were drawn with regard to the effect of residual stresses on fatigue 
growth of surface flaws. Cyclic flaw growth data are required for residual -stress- 
free SF specimens taken from the same plate as specimens tested in Table 7-11 
before any conclusions can .be drawn. The comparison of Table 7-11 data with 
Reference 1 data was inconclusive due to differences in microstructure and fracture 
toughness between the two heats of material for which data were compared. 


7.4.4 Aluminum Alloy Fatigue Tests 

Test results and specimen details for 2219-T87 aluminum SF specimens cycled 
under the influence of applied and residual stresses are summarized in Table 7-13, 
Specimen configuration is shown in the upper part of Figure 7-12 except that 
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the GTA weld was omitted and the flaw was located at the center of the parent 
metal enclosed by the EB weld. As discussed in Section 7.4.2, magnitudes and 
distributions of residual stress measured in the outer 0.07 inch (1.8 mm) thick 
layers of the specimens provided an inadequate basis for estimating residual 
stresses in the interiors of the specimens. Hence, absolute values of residual 
stress are not reported in Table 7-13. Three specimens were cycled to failure 
in room air at 72°F (295°K) and in liquid nitrogen at -320°F (78°K). Depthwise 
flaw growth in aluminum specimens 5 and 6 was completely inhibited by delaminations. 
In aluminum specimens 3 and 4 tested in LN 2 , depthwise flaw growth was partially 
inhibited by delaminations. In view of the delamination effects, no attempt was 
made to assess the effect of residual stresses on test results. 
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8.0 EXPERIMENTAL STRESS INTENSITY ANALYSIS 


Stress intensity is related to crack opening displacements over a small inward 
distance from the crack border in the crack plane. Hence, if crack tip 
displacements (w) can be measured at known distances (r) from the crack border, 
stress intensity (Kj) can be calculated using the relationship; 


w 


r— 0 


z — 0 


= ^ (1 - ^ 
E 



(8-1) 


where yU is Poisson's rafio and E is the Young's modulus of the material. Since 
analytical stress intensity calculations are prohibitively difficult for many geometries 
of practical interest, this investigation was undertaken to determine the 
applicability of holography to measurements of crack-opening displacements and 
stress intensity for complex geometries. 

8.1 HOLOGRAPHIC TECHNIQUE 

A schematic optical diagram of the holographic technique is shown in Figure 8-1 . 
The sample is illuminated with a collimated laser beam. The test beam passes 
through the sample, while the reference beam is directed around the sample as 
shown. The two beams cross at the plane of the hologram recording cell. The 

lenses, L* and L”, image the crack onto the image plane, P. 

Three variations of the holographic method were used in these tests. These are 
as follows: 

1. Differential holography. Two holograms are recorded sequentially on the 

same substrate. The first hologram records the unstressed condition of 

the sample while the second records the stressed condition. Upon 

illumination of the hologram with only the reference beam, an interferogram 

of the change in optical path length through the sample caused by the 

change in stress appears at the image plane. The interference fringes on 

the image are contours of equal change in optical path length and the 

fringe spacing represents a change in path length of one wavelength. 
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2 . 


Stored-beam holographic interferometry. A hologram of the initial sample 
condition is recorded, then after stressing, the holographic reconstruction 
is compared interferometrical ly with the direct test beam. The hologram 
reconstructs the image of the sample in the initial condition, while the 
image formed by the test beam refracted through the crack forms an image 
of the crack as it appears under stress. These images are temporarily 
coherent, so they form an interferogram of the change in optical path 
length through the sample caused by the applied stress. 

If the lens, L', forms an image of the crack on the hologram, while the 
lens, L", re-images this image onto the plane, P', then the tilt between 
the reconstructed and direct images can be adjusted by varying the angle of 
the reference beam with the adjustable mirror. In this manner, the spacing 
and direction of the fringes can be controlled. 

3. Two reference beam differential holography. This method is a variation 
of the usual differential holographic technique wherein the two holograms 
are made on the same photographic plate, but a separate reference beam 
is used for each hologram. The two separate reference beams are obtained 
by using two adjustable mirrors. The first hologram records load condition 1, 
while the second records load condition 2. The hologram is formed at an 
image plane of the crack. 

In the reconstruction, reference beam reconstructs load condition 1 and 
reference beam R 2 reconstructs load condition 2. At any subsequent image 
plane, load conditions 1 and 2 are superimposed resulting in the interfero- 
metric contour map of the crack opening. Since the optical phase across 
each image depends on the angle of the corresponding reference beam, a 
slight variation in the angle of either reference beam introduces a linear 
phase variation across the image, altering the fringe spacing and direction. 

Although the differential holography method is easier to apply, more 
information can be obtained by variation of the direction and spacing of 
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fhe fringes using fhe stored-beam method. Two reference beam differential 
holography has the advantages of both stored beam and ordinary differential 
holography, i.e., the high contrast fringes and the ability to change fringe 
space and direction in order to simplify the data reduction. In addition, 
the hologram pair can be recorded in a short time interval (less than 15 
seconds) thus eliminating problems due to creep. 

8.2 PROCEDURES 

Initial tests were carried out on surface -flawed plexiglass specimens since approxi- 
mate analytically based stress intensity solutions (6,8) are available against which 
to compare the experimental results. Test specimen configuration is shown in 
Figure 8-2. Specimen blanks were cut from 10 by 12 by 12 inches (254 by 305 
by 305 mm) cast acrylic block (see Table 3-5 for mechanical properties). Each 
specimen was rough machined to within 0.10 inch (2.54 mm) of final dimensions. 
Final machining was done In very fine cuts In a continuous spray of "Koolmist". 
Surface layers of completed specimens showed no evidence of residual stresses or 
distortion. The ends of each specimen were ground flat on a metallurgical 
grinding wheel. 

Surface flaws were prepared by extending a machined crack starter. Crack starters 
were introduced with a fly cutter. A matching steel wedge was then inserted Into 
the starter slot and subjected to a sharp blow. The resulting cracks were 
approximately semi-elliptical with smooth regular peripheries. 

Specimens were loaded as shown in Figure 8-3. Load was applied through bearing 
against the specimen flanges. Uniform loading was obtained by placing an epoxy 
(Epon 901) between the specimen flanges and loading grips and allowing the epoxy 
to set under a light load. Tests of specimens instrumented with strain gages as 
shown in Figure 8-3 confirmed that the procedure resulted in uniform tensile 
stresses in the specimen gage area. Load was applied by a torque wrench through 
a dyne bar which sensed and recorded the magnitude of the applied loads. 

Interferograms and holograms were recorded using the test setup illustrated In 

Figure 8-1 . Records were made for both unloaded and loaded specimens. A 
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schematic representation of crack geometry, interferograms and holograms is shown 
in Figure 8-4. From interferograms, crack-opening displacements were calculated 
using the formula 


w 



(8-2) 


where p is fringe order and A is the wavelength of the laser beam 
-5 -5 

2.49 X 10 inch (6.32 x 10 cm). From holograms, displacements were deter- 
mined from the expression 


w = -P-AjrJ) 


(8-3) 


where n is the index of refraction between air and plexiglass (n = 1.5). 


All experimentally determined crack-opening displacements were compared to 
displacements calculated from an analytical solution (6) for completely embedded 
elliptical cracks, i.e.. 


w 


( 1 - h 


a g I . 

4 . [ 



(8-4) 


where a and c are the semi-minor and semi-major axes of the flaw, and 0 is 
a complete elliptical integral of the second kind corresponding to the modulus 

r 2 2 2 1 1/2 

k = I (c - a )/c J Equation 8-4 is thought to be a close approximation 

of crack-opening displacements for semi -elliptical surface flaws. 


8.3 RESULTS 

Three surface -flawed plexiglass specimens were tested. The first specimen was 
8 inches (20.3 cm) long and contained a surface flaw with a = 0.352 inch 
(8.94 mm) and 2c = 0.768 Inch (19.5 mm). An interferogram and hologram of 
the crack were recorded both for zero load and for a 600 lb (2670 N) load. 
Crack-opening displacements along the semi-minor axis of the flaw due to the 
600 lb (2670 N) load are plotted against distance from the crack border in 
Figure 8-5. Good agreement was obtained between displacements from the inter- 
ferogram and hologram. However, both methods yielded displacements that were 

62 



considerably smaller than values calculated using Equation 8-4. The second 
specimen was 12 inches (30.5 cm) long and contained a surface flaw for which 
a = 0.270 inch (6.86 mm) and 2c - 0.670 inch (17.01 mm). Stored beam 
holographic interferograms were recorded for loads of 500 lb (2224 N) and 1000 lb 
(4448 N). Both measured and calculated displacement along the semi-minor axis 
of the flaw are shown in Figure 8-6. The ratio of measured to calculated 
displacement increased from about 1/3 at r = 0.005 inch (0.127 mm) to a constant 
value of about 1/2 for r values greater than 0.01 inch (0.25 mm). The third 
specimen was 12 inches (30.5 cm) long and contained a surface flaw with a = 0.295 
inch (7.49 mm) and 2c = 0,625 inch (15.88 mm). A hologram was recorded for 
500 lb (2224 N) and 1000 lb (4448 N) loads using the two reference beam 
differential holographic technique. Measured displacements were again found to 
be about 1/2 of the calculated displacements as shown in Figure 8-7. 

An attempt was made to resolve the differences between measured and calculated 
crack-opening displacements. The derivation of Equations 8-2 and 8-3 were 
investigated but no error could be found. Other possible sources of error due to 
birefringence, total internal reflection, increase in optical path length due to 
loading, and change in index of refraction due to loading were considered. It 
was concluded that possible errors stemming from any of the above sources were 
negligibly small. The most plausible explanation for the observed discrepancies 
is a loss of fringes at the crack tip due to a very rapid buildup of crack-opening 
displacement in the immediate vicinity of the tip. This possibility could be checked 
by using multiple frequency lasers (such as argon lasers) to develop interferograms, 
or by obtaining holograms of crack displacements under very low loads. 

The use of holography and interferometry to experimentally evaluate stress intensity 
for complex geometries appears to be feasible. It is believed that the discrepancies 
between measured and calculated displacements resulted from loss of fringes at the 
crack tip. Further improvements in experimental technique should resolve this 
difficulty . 
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APPENDIX A - WELDING PROCEDURES 


This appendix contains details of welding procedures used for 1.0-inch (2.54 cm) 
thick 2219-T87 aluminum specimens, both with and without internal flaws, and 
0.375 - inch (0.953 cm) thick 5AI -2. 5Sn(ELI) titanium specimens. 

Procedures For One-Inch-Thick 2219-T87 Aluminum 

Weld panels, 1.0 by 24 by 36 inches (2.5 x 61.0 x 91.4 cm) were fabricated by 
joining two 1.0 by 12 by 36 inch (2.5x30.5x91.4 cm) panel halves. All panels 
were prepared with square butt edges and cleaned just prior to welding using standard 
aluminum pre-weld cleaning techniques (wipewith acetone and remove surface oxides 
by scraping). Welding was accomplished in a Sciaky 500 amp sine wave welder using 
three passes (one continuous tack pass and two penetration passes). Welding details were; 

Weld Process; GTA, DCSP 

Weld Position; Downhand 

Electrode; 2% thoriated tungsten, 5/32 inch (0.40 cm)dlameter 

Electrode Tip; 1/8 -inch (0.32 cm) diameter ball nose over 3/8 inch (0.95 cm) taper 

Torch: Linde HW-27 

Shield Gas; Helium at 110 CFH (3.1 m^/Tir) 

Parameters: 



Continuous 

Tack 

Penetration 
First Side 

Penetration 
Second Side 

Current, amps 

200 

396 

396 

Voltage, volts 

12.5 

11.8 

11.8 

Travel, In/Min 
(mm/sec) 

15 (6.4) 

3 (11.3) 

3 (11.3) 

Wire 

None 

None 

None 


Procedures for Internally Flawed One-Inch-Thick 2219-T87 Aluminum 

Welding details were identical to those above for the one -inch-thick aluminum welds 
except that current and voltage parameters for each penetration pass were manually 
changed at predetermined opposing locations. At 400 amps, joint penetration was 
0.6 inch (1.52 cm). Penetration was decreased to 0.2 inch (0,51 cm) by rapidly 
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decreasing the current to 175 amps at 12.2 volts over a 3-1/2 inches (8.9 cm) 
length. Current and voltage were then increased to 396 amps and 11.8 volts. 

This procedure produced a lack -of -fusion defect approximately 4-1/2 inches (11,4 cm) 
long and 0.6 inch (1.52 cm) deep. 

Procedures for Three-Eig hths-Inch Thick 5AI -2. 5$n(E LI ) Titanium 

Weld panels for Series I residual stress specimens were fabricated per Figure A-1. 

Panel halves were machined from 3/8-inch (0.95 cm) thick plates. The machined sur- 
faces were cleaned with MEK solvent. The panel halves were then clamped to a 
rigid copper backing bar to maintain plate alignment during welding. The backing 
bar was grooved to provide a channel for inert gas shielding of the underbead. 

Copper hold down bars and shim stock were used to clamp the plates in the reduced 
thickness area. 

Welding was accomplished using the mechanized GTA process with no filler 

wire additions. Power was supplied by a Vickers 400 amp Controlarc D.C. Welder. 

An Airco automatic welding head and Linde Heliarc (Type HW-27) welding torch 
were used. Panels were welded with a single pass deposited from each side. Para- 
meters were chosen to result in 100 percent penetration for the first pass with no 
measurable under fill along the edges of the weld bead as determined by visual inspec- 
tion, and 90 percent penetration for the second pass. Argon gas was used for under- 
bead shielding and helium gas for top side shielding. Secondary top side shielding 
was accomplished using a 5/8 inch (1.6 cm) wide by 6 inches (15,2 cm) long 
trailing cup with fiberglass cloth extending from the sides. 

Weld schedule details can be summarized as follows: 



First Pass 

Second Pass 

Current, DCSP amps: 

160 

160 

Voltage, volts: 

14 

14 

Travel, in/min (mm/sec) 

3 (1.3) 

3 (1.3) 
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First Pass 

Second Pass 

Gas Flow, CFH (m^/hr): 

1 . Torch 

60 (1.7) (He) 

60 (1.7) (He) 

2, Trailing Shield 

60 (1.7) (He) 

60 (1.7) (He) 

3. Backing 

15 (0.4) (A) 

15 (0.4) (A) 

Hold Down Bar Separation, in. (cm): 

0.5 (1.27) 

0.5 (1.27) 

Backing Bar, 2x0.5 in (5.1 x1.3 cm) : 

1. Groove Width, in. (cm): 

0.50 (1.27) 

0.50 (1.27) 

2, Groove Depth, in (cm): 

0.06 (0.15) 

0.06 (0.15) 


Electrode: 2 percent thoriated tungsten, 1/8 inch (0,32 cm) diameter, 

45^ included angle to 0.030-Inch (0.076 cm) dia. end. 

Longitudinal welds on Series III residual stress test specimens were deposited 
using the above welding schedule. 
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APPENDIX B 


CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

In the text of this report, all numerical values are given in U.S, customary 
units with corresponding SI units in parenthesis. Due to the complexity of the 
tables of results, only U.S. customary units are used therein . Conversion 
factors for converting U.S. customary to SI units are given in the following 
table: 


To Convert From 
(U.S. Customary Untt) 

Multiply 

by 

To Obtain 
(SI Units) 

in. 

2.54 X 10*^ 

meter (m) 

Ibf 

4.448 

newton (n) 

kip 

4.448 

kilonewton (kN) 

ksi 

6.895 

2 2 
meganewton/meter (MN/m ) 

ksi -\fJn 

1.099 

MN/m^^^ 
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,a/2c =0.05 


.a/2c = 0.10 


[Based on tests of 0.20-inch-thick base metal (transverse grain) 
and weld metal at -320°F and -423°F] 


X 1.1 


a/2c = 0.20 


• a/2c = 0.30 


a/2c = 0.40 



Figure 2-2: M,, CURVES FOR 5AI-2.5Sn (ELI) TITANIUM ALLOY 


[Based on tests of 0.63-inch-thick base metal (longitudinal grain) 
at 72°F, -320°F, and -423°F] 


»a/2c = 0 05 


.a/2c = 0J30 



Figure 2-3: M,^ CURVES FOR 2219-T87 ALUMINUM ALLOY 











0.06 


0.08 


Size, (a/Q)j,^ (inch) 


FACE FLAW SIZE ON FAILURE STRESS 
LI) TITANIUM ALLOY AT -320°F 
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(a) ROOM AIR DATA 



(b) LN2 DATA 



(c) LHj DATA 


Figure 2-5: CYCLIC LIFE DATA FOR 2219-T87 ALUMINUM SURFACE-FLAWED SPECIMENS 

(REFERENCE 1) 
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Figure 2-6: CYCLIC LIFE DATA FOR 5AI-2.5 Sn (ELI) TITANIUM SURFACE-FLAWED SPECIMENS 

(REFERENCE 1) 
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Figure 3-1: MICROSTRUCTURE OF MILL ANNEALED 0.375-INCH 
THICK 5AI-2.5Sn (ELI) TITANIUM PLATE 




Etchant: 2% HF, 8% H3 PO4, BAL. H2O 


Figure 3-2: LAYERED MICROSTRUCTURE OBSERVED IN MILL ANNEALED 
5AI-2.5 Sn (ELI) TITANIUM (0.375-Inch (9.53mm) THICK PLATE) 
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Figure 3-3: MICROSTRUCTURAL CHANGES RESULTING FROM ANNEALING 
5AI-2.5 Sn (ELI) TITANIUM 0.375-INCH (9.53mm) THICK PLATE 
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Figure 3-4: MICROSTRUCTURE OF MILL ANNEALED 0.80 - INCH (20.3 mm) THICK 5AI - 2.5 Sn(ELI) TITANIUM PLATE 




1550 deg F FOR 8 HRS 



1550 deg F FOR 16 HRS 



1700 deg F FOR 8 HRS 

Etchant: 2% HF, 8% H3 PO4, BAL.*H20 

Figure 3-5: MICROSTRUCTURAL CHANGES AT CENTER OF 0.80 - INCH (20.3 mm) 
THICK 5AI - 2.5 Sn (ELI) TITANIUM PLATE DUE TO VARIOUS 
ANNEALING CYCLES 
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8.0 



y^0.50 -i 



Dia Hole 


(base metal specimens) 

Weld (weld metal specimens) 



Alloy 

Dimension "T" 

2219-T87 

0.50 

Aluminum 

5AI-2.5Sn (ELI) 

0.37 

Titanium 

Plexiglas 

0.10 


Figure 3-6: TENSILE SPECIMEN FOR MECHANICAL PROPERTY MEASUREMENTS 

(Used for 2219-T87 Aluminum Parent and Weld Metal, 5AI-2.5Sn (ELI) 
Titanium Parent Metal, and Plexiglas) 



Figure 3-7: ALL WELD METAL TENSILE SPECIMEN FOR MECHANICAL PROPERTY 

MEASUREMENTS OF TITANIUM WELDS 
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Figure 4-1 : GEOMETRY FOR SPECIMENS WITH FLAWS PROTRUDING FROM HOLES 
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Figure 4-2: GROSS FAILURE STRESSES AS A FUNCTION OF TEST VARIABLES 

FOR SPECIMENS WITH FLAWS PROTRUDING FROM HOLES 








AI-2219-T87 SPECIMEN 5HA25-1 



Ti-5AI-2.5Sn (ELI) SPECIMEN 1HT51-1 


(a): FRACTURE FACES OF STATICALLY TESTED SPECIMENS 



Ti-5AI-2.5Sn (ELI) SPECIMEN HTC-4N 


(b): FRACTURE FACES OF SPECIMENS CYCLED IN LN 2 



Ti-5AI-2.5Sn (ELI) SPECIMEN HTC-1R 


(c): FRACTURE FACES OF SPECIMENS CYCLED IN ROOM AIR 

Figure 4-4: FRACTURE FACES OF SPECIMENS CONTAINING FLAWS 
PROTRUDING FROM HOLES 
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Figure 4-5: PLOTS OF o Va VS (a/c) FOR SPECIMENS WITH FLAWS PROTRUDING FROM HOLES 
















c/2r 


Figure 4-7: PLOTS OF o Va VS FLAW LENGTH TO HOLE SIZE RATIOS FOR 

ALUMINUM SPECIMENS WITH FLAWS PROTRUDING FROM HOLES 
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Figure 4-8: FAILURE CRITERION FOR FLAWS PROTRUDING FROM HOLES 



BOWIE (12) ANALYSIS EMBEDDED FLAW ANALYSIS 
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Figure 4-9: COMPARISON OF FAILURE CRITERIA FOR THROUGH-THE-THICKNESS 

AND EMBEDDED FLAWS PROTRUDING FROM HOLES 
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(c/r) 






l.Oi 



a/t 


Figure 4-11: VALUES OF EFFECTIVE FLAW LENGTH FOR EMBEDDED FLAWS 
PROTRUDING FROM HOLES 
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(a) SMITH'S SOLUTION 


Figure 5-1: 


STRESS INTENSITY FOR SURFACE-FLAWED PLATES 
SUBJECTED TO BENDING STRESSES 
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p 



Figure 5-3; 



FOR CALIBRATING COMBINED BENDING/TENSION SPECIMENS 



Bending Stress fksi) Bending Stress (ksi) 
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Figure 5-4; LOAD-BENDING STRESS CALIBRATIONS FOR COMBINED BENDING 
AND TENSION SPECIMENS 
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Figure 5-5: FRACTURE FACE OF SURFACE-FLAWED SPECIMEN FATIGUE TESTED UNDER 
COMBINED BENDING AND TENSION STRESSES 




100 

80 


60 



Cycles to Failure in LN2 



Figure 5-7; FATIGUE DATA FOR 5AI-2.5Sn (ELI) TITANIUM SURFACE-FLAWED 

SPECIMENS SUBJECTED TO COMBINED BENDING/TENSION STRESSES 
OR PURE TENSILE STRESSES 
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Figure 6-1: SPECIMEN LOCATION WITHIN PLATE 



W = 2.50 Inches (6.350 Cm) For 2219-T87 Aluminum 
W = 0.75 Inch (1.905 Cm) For 5AI-2.5Sn (ELI) Titanium 

SENB TEST SPECIMENS 



W = Z50 Inches (6.350 Cm) For 2219-T87 Aluminum 
W = 0.75 Inch (1.905 Cm) For 5AI-2.5 Sn (ELI) Titanium 

SENT TEST SPECIMENS 



W = 2.00 Inches (5.08 Cm) For 2219-T87 Aluminum 
W = 0.60 Inch (1.27 Cm) For 5AI-2.5 Sn (ELI) Titanium 

CT TEST SPECIMENS 

Figure 6-2: DETAILS OF SENB, SENT AND CT SPECIMENS 
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n n 


w 


N 


0.06- 

(0.15) 


- 0.200 

(0.508) 


NOTE: Unbracketed Dimensions Are tn Inches 

Bracketed Dimensions Are In Centimeters 


MATERIAL 

SPECIMEN 

H 


r 

w 

TYPE 

in 

Cm 

In 

Cm 

In 

Cm 


SENB 

1.00 

2.54 

0.10 

0.25 

0.125 

0.318 

2219-T87 

SENT 

1.00 






2.54 

0.10 

0.25 

0.125 

0.318 

Aluminum 



CT 

1.40 

3.56 

0.10 

0.25 

0.125 

0.318 


SENB 

0.20 

0.51 


0.13 

0.100 

0.254 

5AI-2.5 Sn(ELI) 




■III 




Titanium 

SENT 

0.20 

0.51 


0.13 

0:100 

0.254 


CT 


0.76 

B 

0.13 

0.100 

0.254 


Figure 6-4: CRACK STARTER DETAILS FOR SENB, 

SENT AND CT SPECIMENS 
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72 deg F 

SENB Specimen 


-320 deg F 
SENT Specimen 


-423 deg F 
CT Specimen 


SF Specimen '' 

2219-T87 ALUMINUM SPECIMEN FRACTURE FACES 


SF Specimen 

5AI-2.5 Sn (ELI) TITANIUM SPECIMEN FRACTURE FACES 


•423 deg F 


Figure 6-5: FRACTURE FACES OF TEST SPECIMENS 


-423 deg F 
CT Specimen 


-423 deg F 
SENT Specimen 


-423 deg F 
SENB Specimen 


no 









Ill 


Figure 6-6: STRESS INTENSITY EXPRESSIONS FOR SENB, SENT AND CT SPECIMENS 
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Figure 6-8: TEST RECORDS FOR SINGLE-EDGE-NOTCHED-TEIMSION SPECIMENS 
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Figure 6-9: TEST RECORDS FOR SINGLE-EDGE NOTCHED-BEND SPECIMENS 
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P. KIPS P. KIPS P. KIPS 




Figure 6-11: TEST RECORDS FOR SURFACE-FLAWED SPECIMENS 
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PLANE STRAIN FRACTURE TOUGHNESS (ksi \/in 



TEMPERATURE (deg F) 


Figure 6-12; PLANE STRAIN FRACTURE TOUGHNESS DATA FOR 
2219-T87 ALUMINUM AND 5AI-2.5 Sn(ELI) TITANIUM 
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l.iyF a (a/Q)/^ Kpr = l.l/¥o (a/Q)'^ = \A ypn a (a/Q) 

[Ksi /TrT.) (Ksi /HT.) (Ksi 


50 


ROOM AIR DATA |72°F) 


LN-, DATA (-320°F) 


•t (Inches) 


l'.5 •^2*5 t < 


■t (Inches) 


2.75 " t ( <^ys/'^IE* 


PARENT PLATE THICKNESS 


1.0 Inch 


2.5 Inches 


LHj DATA (-423°F) 


t (I nches) 


t ( Oyg/Kig) 


Figure 6-14: FRACTURE DATA FOR 2219-T87 ALUMINUM BASE METAL 
(Varied Thickness Surface-Flawed Specimen Tests) 
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(b) DISTRIBUTION OF ALONG YY 



(c) DISTRIBUTION OF ALONG XX 


Figure 7-1: TYPICAL RESIDUAL STRESS DISTRIBUTION IN FLAT BUTT WELDED STEEL PLATES 

(REFERENCE 19) 
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Figure 7-2: DISTRIBUTION OF YIELD STRENGTH Figure 7-3: LONGITUDINAL AND TRANSVERSE 

AND LONGITUDINAL RESIDUAL RESIDUAL STRESSES IN AS-WELDED 

STRESSES IN A WELDED 5456-H321 Ti-5AI-2.5Sn PANELS (REFERENCE 23 

ALUMINUM PLATE (REFERENCE 20) 



Applied Stress 



Temperature 


Figure 7-4: EFFECTS OF SHARP NOTCH AND RESIDUAL STRESS ON FRACTURE 

STRENGTH OF STEEL WELDS (REFERENCE 29) 
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Stress Intensity at Crack 



(a) SPECIMEN CONFIGURATION 



0 2 4 6 8 10 12 14 16 18 

Distance of Crack Tip From Weld Center line (inch) 

(b) STRESS INTENSITIES 


Figure 7-5: CRACK TIP STRESS INTENSITY VALUES FOR BUTT WELDED 

SPECIMENS (REFERENCE 33) 




Intensity 
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Figure 7-6 



: SCHEMATIC ILLUSTRATIVE EXAMPLE OF THE APPLICATION OF 
FRACTURE MECHANICS TO ANALYSIS OF CRACK STABILITY IN 
A BUTT WELDED PLATE 


Flush GTA Weld (Series 1 Only) 

^ ^ M ^ ) irrm Electron Beam (EB) Weld 
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Figure 7-7; PRODUCTION SEQUENCES FOR RESIDUAL STRESS 
TEST SERIES I AND II 
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RESIDUAL STRESS MEASUREMENTS FOR 5AI-2.5Sn (ELI) TITANIUM 
ALLOY TEST SERIES I AND II 







Figure 7-10: 5AI-2.5Sn (ELI) TITANIUM TEST SPECIMEN FOR RESIDUAL 

STRESS TEST SERIES III 
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TITANIUM ALLOY TEST SERIES III 
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b) CD 
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Section B-B 

(Welds) 
(Base Metal) 


Legend: 

Existing GTA Weld Machined Flush 

(weld specimens only) 

\ Complete Penetration EB Weld 

Having Maximum Bead Width 

All dimensions in inches 


Figure 7-12: EB WELDING FOR 2219-T87 ALUMINUM RESIDUAL STRESS 

TEST SERIES I AND II 






Measurement Location (Typ) 



Figure T-IS; RESIDUAL STRESSES AT SURFACES OF 2219-T87 ALUMINUM 
SERIES I TEST SPECIMENS 







Measurement Location (Typ) 
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Figure 7-14; RESIDUAL STRESSES AT SURFACES OF 2219-T87 ALUMINUM 
SERIES II TEST SPECIMENS 





Figure 7-15: 


SPECIMEN NO. 1-1 


SECTION A-A (TYPICAL) 


.Y FLAWED 2219-T87 ALUMINUM WELD PANELS 
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RESIDUAL STRESS SPECIMENS 






-30 -20 -10 0 10 20 
Residual Stress (ksi) 

(b) SERIES II TEST RESULTS 


Figure 7-17: EFFECTOR RESIDUAL STRESS ON GROSS FAILURE STRESS 

FOR 5AI-2.5Sn (ELI) TITANIUM TEST SERIES I AND II 
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Gross Failure Stress (ksi) 


0 



Figure 7-18: GROSS FAILURE STRESSES FOR 5AI-2.5Sn (ELI) TITANIUM TEST SERIES III 
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Figure 7-20: CRACK DISPLACEMENT VS LOAD TEST RECORDS FOR 5AI-2.5Sn (ELI) 

TITANIUM GTA WELD CENTERLINES IN SENT SPECIMENS 
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Figure 7-21: LOAD VS. CRACK DISPLACEMENT TEST RECORDS FOR SURFACE FLAWS 

AT 1-INCH-THICK 2219 ALUMINUM GTA WELD CENTERLINES 
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Figure 8-1 : SCHEMATIC REPRESENTATION OF HOLOGRAPHIC TEST SETUP 











Figure 8-2: PLEXIGLAS TEST SPECIMEN 




Figure 8-3: 2,000 POUND LOAD FIXTURE FOR LASER EXPERIMENT 







Crack'Opening Displacement in Wavelengths (X) 



0 0.02 0.04 0.06 0.08 0.10 


Distance From Crack Tip (inches) 


Figure 8-5: CRACK-OPENING DISPLACEMENTS ALONG SEMIMINOR AXIS 

OF FIRST PLEXIGLAS SURFACE-FLAWED SPECIMEN 
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Figure 8-6: CRACK-OPENING DISPLACEMENTS ALONG SEMIMINOR AXIS 

OF SECOND PLEXIGLAS SURFACE-FLAWED SPECIMEN 
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Crack-Opening Displacement in Wavelengths (X) 



0 0.02 0.04 0.06 0,08 0.10 0.12 


Distance Fronn Crack Tip (inches) 


Figure 8-7: CRACK-OPENING DISPLACEMENTS ALONG SEMIMINOR AXIS 
OF THIRD PLEXIGLAS SURFACE-FLAWED SPECIMEN 
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Weld Panel For Specimens RC-1 Through 4 




Weld Panel For Specimens RT-1 Through 4 


Figure A-1: WELD PANELS FOR 5AI-2.5Sn (ELI) TITANIUM SPECIMENS 
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Table 3-1 


CHEMICAL COMPOSITION OF MATERIALS 


ELEMENT 
/ % by Weight \ 

\ Except as Noted / 


5AI-2.5Sn (ELI) 
TITANIUM PLATE 
Heat No. 294327 
(Actual Composition) 

Minimum 

Maximum 

Copper 

5.80 

6.80 

- 

Silicon 

- 

0.20 

- 

. Manganese 

0.20 

0.40 

- 

Magnesium 

- 

0.02 

0.01 

Iron 

- 

0.30 

0.19 

Chromium 

- 

- 

- 

Zinc 

- 

0.10 

~ 

Vanadium 

0.05 

0.15 

- 

Tin 

- 

- 

2.50 

Carbon 

- 

- 

0.02 

Nitrogen 

- 

- 

70 ppm 

Oxygen 

- 

- 

940 ppm 

Hydrogen 

- 

- 

94 ppm 

Zirconium 

0.10 

0.25 

- 

Other 1 Each 

— 

— 

— 
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Table 3-2: MECHANICAL PROPERTIES FOR 2219-T87 ALUMINUM 

PARENT METAL AND WELD METAL 
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Table 3-3: MECHANICAL PROPERTIES FOR 5AI-2.5Sn (ELI) TITANIUM 

PARENT METAL AND WELD METAL 
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Tensile 
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Table 3-4; SUMMARY OF 5AI-2.5Sn (ELI) TITANIUM PROCESSING DETAILS 



52 


Determination of Specimen ^ ,^11, 

Configuration Effects in 0 q qq l^g^gl 2. 1 ,550°F - 16 Hour - Retort Cool 

Plane Strain Fracture 
Toughness Testing 

















Ultimate 

Test Tensile Young's 

Thickness Area Temperature Strength Modulus Poisson's 

Number (inches) (in. ) (^F) (psi) (psi) Ratio 


0.1020 0.05096 72 4709.6 
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CO 















Table 4-1: TEST PROGRAM FOR EVALUATING FRACTURE AT FLAWS 

PROTRUDING FROM CIRCULAR HOLES 
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Table 4-2: FRACTURE DATA FOR 2219-T87 ALUMINUM WITH FLAWS 

PROTRUDING FROM HOLES (2r/t= 0.5) 
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Table 4-3: FRACTURE DATA FOR 2219-T87 ALUMINUM WITH FLAWS 

PROTRUDING FROM HOLES (2r/t =1.0) 
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Table 4-4: FRACTURE DATA FOR 5AI-2.5Sn (ELI) TITANIUM WITH FLAWS 

PROTRUDING FROM HOLES (2r/t = 0.5) 
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Table 4-5; FRACTURE DATA FOR 5AI-2.5Sn (ELI) TITANIUM WITH FLAWS 
PROTRUDING FROM HOLES (2r/t= 1.0) 
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Table 4-6: FATIGUE DATA FOR SPECIMENS CONTAINING FLAWS PROTRUDING FROM HOLES 


NOTES 

All specimens 
except Tj/air 
cycled to failure 

• Could not be 
detected 
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Table 4-7: FRACTURE TOUGHNESS TEST RESULTS FOR MATERIALS USED IN 

FRACTURE TESTS OF SPECIMENS WITH FLAWS PROTRUDING FROM HOLES 
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Table 4-8: SUMMARY OF CALCULATED PARAMETERS USED TO ESTIMATE CYCLIC 

LIFE FOR SPECIMENS WITH FLAWS PROTRUDING FROM HOLES 
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Table 5-1: COMBINED BENDING AND TENSION STRESS TEST PROGRAM 
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Table 5-2: TEST RESULTS FOR SURFACE-FLAWED SPECIMENS SUBJECTED 

TO COMBINED BENDING AND TENSION STRESSES 
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Table 5-3: EVALUATION OF TEST RESULTS FOR SURFACE-FLAWED SPECIMENS 

SUBJECTED TO COMBINED BENDING AND TENSION STRESSES 
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is estimated failure load using Equation 5-4 and Mg values from Figure 5-1a. 





Table 5-4: RESULTS FOR FATIGUE TESTS OF SURFACE-FLAWED SPECIMENS SUBJECTED TO 

COMBINED BENDING AND TENSION STRESSES 
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SURFACE-FLAWED SPECIMEN SPECIMEN CONFIGURATION 

THICKNESS EFFECT TESTS EFFECT TESTS 


Table 6-1: TEST PROGRAM 
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Table 6-4: FRACTURE TOUGHNESS TEST RESULTS FOR 2219-T87 ALUMINUM 

(SF Specimens) 


SPECIMEN 

CRACK DETAILS 


RESULTS 

TYPE 

IDENTIFICATION 

THICKNESS, t (Inch) 

WIDTH, W (Inch) 

3 

*5» 

K 

CO 

K 

a 

NUMBER OF CYCLES 
TO GROW CRACK 
IN THOUSANDS 

CRACK DEPTH, a 
(Inch) 

CRACK LENGTH, 2c 
(Inch) 

a/2c 

4^ 

a 

ENVIRONMENT 

TEMPERATURE 
(deg F) 

LOADING RATE 
(lOOOLbt/Min) 

GROSS SECTION 
FAILURE STRESS (Ktl) 

GROSS STRESS 

YIELD STRESS 

1 

I 



1.097 

6.00 


0.06 

5.0 

0.532 

1.360 

0.391 

0.488 

AIR 

mm 

230 

33.6 


34.7 


A-6 

1.094 

5.99 

m 

0.06 

5.0 

0.545 

1.390 

0.392 

0.498 

AIR 

mm 

230 

33.8 


35.1 


A7 

1.094 

6.00 

m 

0.06 

7.0 

0.366 

1.475 

0.248 

0.335 

AIR 

72 

230 

36.9 

0.67 

37.0 

D 

tu 

A-8 

1.096 

6.01 

12.1 

0.06 

8.0 

0.360 

1.485 

0.242 

0.328 

AIR 

72 

230 

37.5 

0.68 

37.7 

5 

< 

A-1 


6.01 

12.4 

0.06 

4.0 

0.539 

1.370 

0.393 

0.489 

LN 2 

wm 

240 

37.4 

0.55 

38.6 

u. 

m 


6.00 

12.4 

0.06 

5.0 

0.540 

1.370 

0.394 

0.492 

LN 2 

Ml 

240 

34.8 

0.51 

35.9 

o 

< 



6.01 

12.0 

0.06 

8.0 

0.368 

1.480 

0.249 

0.334 

LIM 2 

*320 

240 

39.5 

0.58 

39.6 

ti- 

er 

A-4 

1.100 

6.01 

11.9 

0.06 

6.5 

0.360 

1.480 

0.243 

0.327 

LN 2 

-320 

240 

38.6 

0.57 

383 

CO 

A-9 


5.00 

12.0 

0.06 

5.5 

0.480 

1.285 

0.375 

0.479 

LH 2 

^23 

220 

42.5 

0.58 

42.5 


A-10 


5.01 

12.0 

0.06 

5.0 

0.480 

1.285 

0.374 

0.475 

LH 2 

-423 

220 

43.2 

0.59 

43.1 


A-11 


5.00 

11.3 

0.06 

7.0 

0.313 

1.310 

0.240 

0.309 

LH 2 

-423 

220 

47.0 

0.64 

443 


A■^2 


5.00 

11.3 

0.06 

6.0 

,0.305 

1.310 

0.236 

0.304 

LH 2 

-423 

220 

48.7 

0.67 

45.9 


a yi/Q 


i 6-5: FRACTURE TOUGHNESS TEST RESULTS FOR 5AI-2.5Sn(ELI) TITANIUM 

(SF Specimens) 



RESULTS 

GROSS SECTION 
FAILURE STRESS (K»l) 

GROSS STRESS 

YIELD STRESS 

I 

153.0 

0.88 

933 

U7.1 

035 

963 

145.4 

0.84 

953 

142.5 

0.82 

913 

125S 

0.67 

723 

117.0 

0.63 

— 

108.8 

0.58 

733 

114.0 

0.61 

703 





















































































Table 6-6: RESULTS FOR FRACTURE TESTS OF 2219-T87 ALUMINUM 


SURFACE-FLAWED SPECIMENS TESTED AT 72°F IN ROOM AIR 
(Specimen Thickness & Flaw Shape Varied) 


SPECIMEN 

CRACK DETAILS 

LOADING RATE 

( 1 ,CXX) psi/min) 

CROSS SECTION 
FAILURE STRESS 
(Ksi) 

“III 

- *3t 

n 

b 

CONFIGURATION 
(See Figure 6-7) 

IDENTIFICATION 

LENGTH, L (loch) 

GAGE LENGTH, G 

(Inch) 

GAGE WIDTH, W 

(lix:h) 

GAGE THICKNESS. T 
(Inch) 

St 

X 

CO 

NUMBER OF CYCLES 
TO GROW CRACK 
IN THOUSANDS 

CRACK DEPTH, a 
(Inch) 

CRACK LENGTH, 2c 
(Inch) 

B 

2A1R-^ 

24 

.0 

8. 

0 

10.00 


10.4 

7.0 

0.284 

2.89 

4 

0 

38.1 

39.6 

B 

2A1 R-2 





10.00 


10.7 

11.0 

0.300 

2.89 



42.8* 

46.1* 

B 

2A3R-1 





7.00 


10.0 

14.0 

0.360 

1.44 



41.6 

41.9 

B 

2A3R-2 





7.00 

0.752 

10.1 

15.0 

0.370 

1.44 



42.1 

42.7 

B 

1A1R-1 





7.00 

mm 

9.1 

35 0 

0.220 

1.93 



44.3 

40.6 

6 

1A1R-2 

24.0 

8.0 

7.00 


8 7 

24 0 

0.195 

1.93 

40 

45.7 

40.2 

B 

1A3R-1 

16.0 

6.0 

3.49 

B 

8.3 

15.0 

0.250 

0.96 


46.0 

38 5 

mm 

1A3R-2 



i 


3.50 

■I 

8.3 

14 0 

0.240 

0.95 



46.6 

38.6 

n 

6A1R-1 





3.50 

0.250 

10.5 

2.0 

0.109 

0.98 



50.4 

33.3 

c 

6A1R-2 





3.50 

0.248 

9.0 

13.0 

0.102 

0.99 



51.9 

336 

A 

6A3R-1 





2.50 

0.248 

7.2 

90 

0.118 

0.49 



53.3 

31.9 

A 

6A3R-2 





2.50 

0.251 

7.1 

15.0 

0.118 

0.49 



53.0 

31.8 

C 

3A1R-1 





3.00 

0.1 17 

5.6 

5.0 

0.084 

0.84 



45.3 

— 


3A1R-2 





3.00 

0.126 

5.7 

23.0 

0.088 

0.84 



45 4 

— 

B 

3A3R-1 





2.50 

0.126 

6.6 

9.0 


0.42 



50.5 

— 

B 

3A3R-2 

16.0 

6.0 

2.50 

0.130 

6.5 

9.0 


0.41 

50 

50.9 

— 


^^DELAMINATION 


Table 6-7: RESULTS FOR FRACTURE TESTS OF 2219-T87 ALUMINUM 

SURFACE-FLAWED SPECIMENS TESTED AT -320°F IN LN2 
(Specimen Thickness & Flaw Shape Varied) 


1 SPECIMEN 

CRACK DETAILS 

LOADING RATE 
(1,000 psi/min) 

GROSS SECTION 
FAILURE STRESS 
(Ksi) 

H 

b 

CONFIGURATION 
(See Figure 6-7) 

IDENTIFICATION 


GAGE LENGTH. G 

(Inch) 

x' 

Q ^ 

LU 

0 

< 

0 

GAGE THICKNESS, T 
(Inch) 

1 

X 

*0 

J. 

NUMBER OF CYCLES 
TO GROW CRACK 
IN THOUSANDS 

x’ 

1 - 

a. 

uj 3 

S| 

u 

< 

<r 

0 

CRACK LENGTH, 2c 
(Inch) 

B 

2A1N-1 

24.0 

8.0 

10.00 


10 3 

8.5 

m 

289 

40 

37.2 


B 

2A1N-2 





1000 


104 

8.5 

mm 

2 89 



404 

1^1 

B 

2A3N-1 





7.00 


101 

14.0 


1.44 



43.4 

43.8 

B 

2A3N-2 





7.00 


101 

14.0 

Mg 

1.44 



42.4 

42.7 

B 

1A1N-1 





7.00 

0.500 

8.8 

28.0 

Ml 

1.92 



45.1 

39.8 

B 

1A1N-2 

24.0 

8.0 

7.00 

0.499 

8.8 

23.0 

0 204 

1.92 

40 

45.6 

38.9 

A 

1A3N- 1 

16.0 

6.0 

3.50 

0.494 

8.3 

13.0 

0.244 

095 

50 

52.4 

43.4 

A 

1A3N-2 





3.50 

0.494 

8.3 1 

13.0 

0.240 

0.95 



53.9 

44.6 

C 

6A1N-1 





3.50 

0.247 

9.1 

11.0 

0106 

096 



57.5 

37.3 

B 

6A1N-2 





3.50 

0.250 

9.1 I 

15.0 

0.104 

0.97 



59.3 

38.4 

B 

6A3N-1 





2.50 

0.246 

7.3 

12.0 

0127 

0.50 



61.3 

37.4 

B 

6A3N2 





2.50 

0.250 

7.3 1 

13.0 

0128 

049 



61.9 

37 7 

c 

3A1N-1 





3.00 

0.128 

6.6 

15.0 

0004 

0.84 



52.5 


c 

3A1N-2 





3.00 

0.126 

5.4 

17.0 

0.088 

064 



52.3 


A 

3A3N-1 





2.50 

0 129 

6.6 1 

9.0 

0 100 

0.42 



59.2 


A 

3A3N-2, 

16.0 


2.60 

0.128 

6.6 

9.0 

0.101 

0.42 

5 

3 

59.1 

■ 


170 
















































Table 6-8: RESULTS FOR FRACTURE TESTS OF 2219-T87 ALUMINUM 

SURFACE-FLAWED SPECIMENS TESTED AT -423°F IN LH 2 
(Specimen Thickness 8i Flaw Shape Varied) 


1 SPECIMEN 

CRACK DETAILS 

r 

n 

GROSS SECTION 
FAILURE STRESS 
(Ksi) 

0 

b 

CONFIGURATION 
{Set Figure G-7) 

IDENTIFICATION 

length. L (Inch) 

GAGE LENGTH. G 

(Inch) 

CiAGE WIDTH. W 
(Inch) 

(SAGE THICKNESS. T 
(IrKh) 

1 

‘81 

_E 

NUMBER OF CYCLES 
TO GROW CRACK 
IN THOUSANDS 

CRACK DEPTH, a 
(Inch) 

(N 

X 

x 

0 

LOADING RATE 
(1,CXX) psi/min) 

B 

2A1H-1 

24.0 

8.0 

10.00 

0.744 

10.3 

8.0 

0.288 

2.88 

40 

42.5 

44 1 

B 

2A1H-2 





10.00 

0.747 

10.4 

9.5 

0.296 

2.88 



39.3 

41.0 

6 

2A3H-1 





7.00 

0.750 

10.1 

15.0 

0.378 

1.44 



46.7 

47.2 

B 

2A3H-2 





7.00 

0.751 

10.1 

14.0 

0.384 

1.44 



46.6 

47.2 

B 

1A1H-1 





7.00 

0.503 

8.8 

23.0 

0.204 

1.90 



51.3 

46.2 

B 

1A1H-2 

24.0 

ao 

7.00 

0.504 

8.8 

20.0 

0.210 

1.92 

40 

46.9 

41.6 

A 

1A3H*1 

16.0 

6.0 

3.49 

0.497 

8 2 

15.0 

0.244 

0.96 

50 

53.0 

43.9 

A 

1A3H-2 





3.50 

0.497 

8.2 

14.0 

0.240 

0-96 


‘ 

54 9 

46.4 

c 

6A1H-1 





3.50 

0.246 

9.2 

14.0 

0.112 

097 



60.6 

40.2 

c 

6A1H-2 





3.50 

0.250 

9.1 

15.0 

0.108 

0.99 



59.2 

38.7 

A 

6A3H-1 





2.50 

0.248 

7.1 

14.0 

0 120 

049 



64.3 

38.6 

A 

6A3H-2 





2.50 

0.253 

7.2 

14.0 

0.122 

0.49 



66.1 

40.0 

C 

3A1H-1 





3.00 

0.125 

5.5 

18.5 

0.090 

0.85 



54.1 

— 

C 

3A1H-2 





3:00 

0.128 

5.3 

20.0 

0.086 

0.85 



53.2 

— 

A 

3A3H-1 





2.50 

0.128 

6.6 

11.0 

0.103 

0.42 



61.8 

— 

A 

3A3H-2 

16.0 

6.0 

2.50 

0 129 

6.6 

100 

0.105 

0.42 : 

50 

60.8 

— 


Table 6-9: RESULTS FOR FRACTURE TESTS OF MILL ANNEALED 5AI-2.5 Sn (ELI) 

TITANIUM SURFACE-FLAWED SPECIMENS TESTED AT -320°F IN LN 2 
(Specimen Thickness & Flaw Shape Varied) 


1 SPECIMEN 

CRACK DETAILS 

LOADING RATE 
(1,000 psi/min) 

GROSS SECTION 
FAILURE STRESS 
(Ksi) 

lo 

0 
r * 

tJ 

CONFIGURATION 
(See Figure 6-7) 

IDENTIFICATION 

LENGTH, L (Inch) 

0 

1 
h- 

0 

Z 

LU 

-1 

UJ 

0 

S 

1 

GAGE WIDTH, W 
(Inch) 

GAGE THICKNESS. T 
(Inch) 

'a 

K 

9 

E 

NUMBER OF CYCLES 
TO GROW CRACK 
IN THOUSANDS 

CRACK DEPTH, a 
(Inch) 

CRACK LENGTH, 2c 
(Inch) 

A 

2T3N-1 

16 

.0 

5.0 

2.50 

0.279 

19.2 

5.0 

0.150 

0.56 

140 

134.6 

85.9 

A 

2T3N-2 





2.50 

0.276 

19.0 

3.0 

0.132 

0.56 

140 

158.5 

100.2 

A 

1T3N-1 





2.50 

0.178 

15.3 

28.0 

0.086 

0.35 

170 

165.4 

83.9 

A 

1T1N-1 





2.50 

0.180 

17.3 

21.0 

0.082 

0.71 

170 

170.3 

98.1 

A 

1T1N-2 





2.50 

0.178 

19.0 j 

13.0 

0.070 

0.70 

170 

170.4 

92.3 


6T1N-1 

16.0 

5.0 

2.50 

0.092 

12.4 

22.0 

0.040 

0.38 

175 

180.0 

74.1 
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Table 6-10: RESULTS FOR FRACTURE TESTS OF RE-ANNEALED 5AI-2.5 Sn (ELI) 
TITANIUM SURFACE-FLAWED SPECIMENS TESTED AT -320°F IN LN 2 
(Specimen Thickness & Flaw Siiape Varied) 



Table 6-11: RESULTS FOR FRACTURE TESTS OF RE-ANNEALED 5AI-2.5 Sn (ELI) 
TITANIUM SURFACE-FLAWED SPECIMENS TESTED AT -4230p IN LH 2 
(Specimen Thickness & Flaw Shape Varied) 


1 SPECIMEN 

CRACK DETAILS 



GROSS SECTION 
FAILURE STRESS (Ksi) 

• '3 

11 

b 

CONFIGURATION 
(See Figure 6-7) 

IDENTIFICATION 

LENGTH, L (Inch) 

GAGE LENGTH, G 

(Inch) 

GAGE WIDTH, W 
(Inch) 

GAGE THICKNESS, T 
(Inch) 

1 

'3 

s 

E 

g- 

NUMBER OF CYCLES 
TO GROW CRACK 
IN THOUSANDS 

CRACK DEPTH,* 
(Inch) 

CRACK LENGTH. 2c 
(Inch) 

LOADING RATE 

1 

s. 

A 

2T1H-1 

16.0 

60 

2.50 

151 

14.4 

150 

0.044 

0.47 

150 

143.9 

69.7 

A 

2T1H-2 





2.50 

19 

14.6 

8.0 

0.045 

047 



152.2 

64.7 

A 

2T3H-1 





2.50 

19 

14.0 

7.0 

0.053 

0.24 



155.1 

62.3 

A 

2T3H-2 





2 50 

0.122 

14.1 

9.5 

aos6 

0.24 

150 

150.9 

61.3 

A 

1T1H-1 





2.50 

0.085 

12.3 

5.0 

0.031 

0.32 

175 

166.7 

59.1 

A 

1T1H-2 





2.60 

0.080 

12.1 

4.0 

0.030 

0.33 



165.8 

68.1 

A 

1T3H-1 





2 50 

0.078 

11.9 

4.0 

0.037 

0.17 



185.0 

63.8 

A 

1T3H-2 





2.50 

0.079 

11.9 

4.0 

0.037 

0.17 

175 

181.6 

62.4 

A 

6T1H-1 





2.49 

0.040 

9.0 

17.0 

0.016 

0.16 

190 

186.0 

48.1 

A 

6T1H-2 





:• 49 

0.040 

8.9 

13.0 

0.016 

0.16 



187.3 

48.6 

A 

6T3H-1 





2 50 

0 043 

8.6 

21.0 

0.020 

008 



190.4 

46.7 

A 

6T3H-2 





/.50 

0 042 

8.6 

28.0 

0.020 

0.08 



191.3 

46.9 

A 

3T1H>1 





2.49 

0.020 

8.3 

4.0 

0.014 

0.14 



175.7 

— 

A 

3T1H-2 





2.50 

0.021 

7.7 

8.0 

0.012 

0.13 



178.7 

_ 

A 

3T3H-1 



1 

1 

2.50 

0024 

7.7 

15.0 

0015 

0.07 



193.7 

— 

A 

3T3H-2 

16 

.0 

6. 

1 

2.49 

0.019 

7.7 

19.0 

0.015 

0.07 ; 

190 

185.9 

— 
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Table 7-1: TEST PROGRAM FOR EVALUATING RESIDUAL STRESS EFFECTS 

IN 5AI-2.5Sn (ELI) TITANIUM 



Flaw 

Flaw Geometry 

Test 

Temp 

(°F) 

Residual Stress Level 

Test 

Location 

and 


Depth 

Reference 


Reference 

Series 

Type 

Thickness 

+ 

Reference 

+ 


Orientation 

(a/t) 

Tensile 


Compressive 


Weld : 


0.25 





1 

Flaw Plane 1 1 

Surface 

-320 

2 

2 

2 

1 

to Longitudinal 

Flaw 

0.50 

9 

2 

2 


Weld Axis 







Parent Metal 
Flaw Plane J_ 

Surface 

0.25 

-320 

2 

2 

2 

It 

to Rolling 
Direction 

Flaw 

0.50 

2 

2 

2 



Weldment: 


0.25 





III 

Flaw Planel ' 

Surface 

-320 

2 

2 

2 

to Longitudinal 
Weld Axis 

Flaw 

0.50 

2 

2 

2 




Note: Numbers Indicate Duplicate Tests 


Table 7-2: 


TEST PROGRAM FOR EVALUATING RESIDUAL STRESS EFFECTS 
IN2219-T87 ALUMINUM 



Flaw 

Location 

And 

Orientation 


Flaw Geometry 

Type 

Depth 

Thickness 

(a/t) 



Residual Stress Level 


Reference 

+ 

Tensile 


Reference 


Reference 

+ 

Compressive 


Weld q^: 

Flaw Plane II 
to Longitudinal 
Weld Axis 

Surface 

Flaw 

0.6 

-320 

2 

2 

2 

Parent Metal 
Flaw Plane -L 
to Transverse 
Direction 

Surface 

Flaw 

0.6 

-320 

2 

2 

2 

WeldC: 

Flaw r\ane 1 1 
to Longitudinal 
Weld Axis 

1 

Internal 

Flaw 

0.3 

-320 

3 

3 

3 
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Table 7-3: TEST PROGRAM FOR EVALUATING RESIDUAL STRESS EFFECTS 
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Table 7-4: TEST RESULTS FOR 5AI-2.5Sn (ELI) TITANIUM RESIDUAL 

STRESS TEST SERIES I 
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Table 7-5: TEST RESULTS FOR 5AI-2.5Sn (ELI) TITANIUM RESIDUAL 

STRESS TEST SERIES II 


RESULTS 
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Table 7-6: TEST RESULTS FOR 5AI-2.5Sn (ELI) TITANIUM RESIDUAL 

STRESS TEST SERIES III 
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Table 7-8: RESULTS FOR 2219-T87 ALUMINUM RESIDUAL STRESS TEST SERIES I 

(Surface-Flawed Specimens Fractured at -320°F in LN 2 ) 
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Table 7-9: RESULTS FOR 2219-T87 ALUMINUM RESIDUAL STRESS TEST SERIES II 

(Surface-Flawed Specimens Fractured at -320°F in LN 2 ) 
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Table 7-10: RESULTS FOR 2219-T87 ALUMINUM RESIDUAL STRESS TEST SERIES III 

(Internally Flawed Welds Fractured at -320°F in LNo) 
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Table 7-11: RESULTS FOR CYCLIC TESTS OF 5Al-2.5Sn (ELI) TITANIUM 

SPECIMENS CONTAINING RESIDUAL STRESSES 


Notes 

a Could not be 
Determined 

b K| = 1.95 (Op + Op) X 

S0|dA3 

Bujpeoi 

p8j|ddv 

o o o 
o o o 
o o o 

357 

438 

704 

928 

549 

384 

1 

{'U! is>j) 

80.8 

65.3 

53.2 

1 1 1 

1 1 1 

(•U!) 

0.51 

0.43 

0.41 

(0 CD (D 

CD CD CD 

(■U!) 

'mdaa 

0.156 

0.140 

0.102 

CD CO CD 

CD CD CD 

Initial Flaw Parameters 

(*u! js>j) 

' q!'>i 

55.4 

50.7 

44.6 

60.2 

57.2 

56.6 

P 

d <N 
^ ^ 

(■U!) 

•(3Z) 'qjpiM 

0.42 

0.41 

0.40 

0.40 

0.38 

0.40 

0.39 

0.41 

0.39 

(•U!) 
•B 'qjdaa 

0.084 

0.080 

0.070 

0.072 

0.065 

0.079 

0.073 

0.080 

0.065 

Test Conditions 

(IS>)) ssajJS 
lenpisa^ 
aiBLUjxojddv 

19 

19 

19 

19 

19 

19 

19 

19 

19 

(!S>I) 
ss3j;s 
D||OAO >|BBcJ 

80.0 

75.0 

70.0 

o o o 

odd 

O O O) 

SB 

an^ojd 

Bujpeoi 

0'00L‘C 

lepjosnujs 

0-00 L'O 
|Bpjosnu|s 

0-00 l-O 
(Bpjosnujs 

ujnjp0|/\i 

Amb 

Air 

<N 

z 

-1 

CM 

X 

-1 

Specimen 

(•U!) 

qipiM 

4.00 

4.00 

4.00 

o o o 

q p q 

3.99 

3.99 

3.99 

(•U!) 

SSaU>(D|L|J_ 

0.258 

0.258 

0.258 

0.258 

0.252 

0.256 

0.256 

0.254 

0.257 

jaquunfvj 

CN CO 

t 1 1 

^ m o 
1 1 1 

rv 00 C3^ 

t 1 1 


182 


















Table 7-12: EVALUATION OF CYCLIC FLAW GROWTH DATA FOR 5AI-2.5Sn (ELI) 

TITANIUM SURFACE-FLAWED SPECIMENS CONTAINING RESIDUAL STRESSES 
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Table 7-13: RESULTS FOR CYCLIC TESTS OF 2219-T87 ALUMINUM SPECIMENS 

CONTAINING RESIDUAL STRESSES 
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